Introduction {#s1}
============

During gametogenesis in the male and female germlines of metazoan species, dividing cells often undergo incomplete cytokinesis to form clusters of cells connected by stable intercellular bridges ([@bib23]). In *Drosophila*, where pioneering work on syncytial architecture has been done, germline intercellular bridges are called ring canals ([@bib50]). The conservation across diverse metazoan species and essential role in fertility ([@bib20]; [@bib23]; [@bib34]; [@bib50]) suggest that syncytial germline architecture, in which multiple nuclei reside in compartments that share a common cytoplasm, is important for the generation of viable gametes. The benefits of communal living for germ cell nuclei is an active area of investigation. However, one role for cellular interconnectivity, demonstrated for the female germlines in *Drosophila* and mice, is to allow the nuclei in adjacent connected cells to serve a nurse function in which they assist in the generation of the large quantities of mRNA, protein, and organelles that are required to properly provision developing oocytes ([@bib30]; [@bib34]; [@bib46]; [@bib50]).

The stable intercellular bridges in syncytial structures are generated by incomplete cytokinesis and contain some of the components found at intercellular bridges that are resolved by abscission during normal cytokinesis ([@bib23]). In dividing somatic cells, the contractile ring constricts down around the central spindle, a structure composed of a set of anti-parallel microtubule bundles that forms between segregating chromosomes and concentrates key molecules that promote contractile ring assembly. As constriction completes, the central spindle is converted into a microtubule-based midbody, and the contractile ring is converted into a midbody ring. During normal cell division, the midbody and midbody ring work together to promote abscission, which cuts the intercellular bridge to form the two daughter cells ([@bib1]; [@bib39]). During the formation of germline cysts, the contractile ring constricts down around the central spindle, which forms a midbody, but abscission does not occur. Instead, the midbody is disassembled leaving a stable open intercellular bridge ([@bib9]; [@bib61]).

Ultrastructurally, all intercellular bridges contain an electron dense layer immediately beneath the plasma membrane ([@bib23]). In the female, but not the male, germline in *Drosophila*, ring canals undergo a maturation process in which they increase in size, recruit additional components and assemble an inner, less electron dense, layer composed of bundled circumferentially organized actin filaments. Presumably, this actin layer reinforces the canals to facilitate the transfer of cytoplasm and organelles into the developing oocyte ([@bib50]). As a similar inner layer has not been observed in other systems, it is not yet clear if all intercellular bridges employ this mechanism for structural reinforcement. The intercellular bridges connected to the oocyte must eventually close to cellularize the egg and separate it from the germline syncytium. How intercellular bridges/ring canals are reactivated to close in the absence of an intervening central spindle is an important unanswered question.

The most conserved component of intercellular bridges, observed in all bridges examined, is the centralspindlin complex ([@bib6]; [@bib18], [@bib19], [@bib20]; [@bib22]; [@bib41]; [@bib67]). The contractile ring components anillin and the septins are also often, but not always, present in these structures ([@bib23]). Centralspindlin is a heterotetrameric complex composed of a dimer of kinesin-6 (MKLP1 in humans, Pavarotti in *Drosophila*, ZEN-4 in *Caenorhabditis elegans*), and a dimer of a Rho family GTPase-activating protein (CYK4/MgcRacGAP/RACGAP1 in humans, CYK-4 in *C. elegans*, and RacGAP50C/Tum in *Drosophila*) ([@bib62]). In *C. elegans*, the N-terminal half of CYK-4 has a coiled-coil that mediates its dimerization, and a short region prior to the coiled-coil that mediates association of the CYK-4 dimer with ZEN-4 ([Figure 1A](#fig1){ref-type="fig"}; ([@bib42]; [@bib45]). The C-terminal half of CYK-4 contains its GAP domain and an adjacent C1 domain that is expected, based on work on human Cyk4 ([@bib35]), to bind polyanionic phosphoinositide lipids and mediate association with the plasma membrane. ZEN-4 has an N-terminal motor domain and a C-terminal coiled-coil-containing region that mediates its dimerization and association of the ZEN-4 dimer with CYK-4 ([Figure 1A](#fig1){ref-type="fig"}; ([@bib42]; [@bib45]). Early in cytokinesis, centralspindlin localizes to and is required for the formation of the central spindle; from this location, it is also thought to play a role in the local activation of the small GTPase RhoA to promote contractile ring assembly ([@bib17]; [@bib62]). Consistent with a role in activating RhoA, a region in the N-terminal half of human Cyk4, between the coiled-coil and C1 domains, has been shown to be phosphorylated by Plk1 to promote its binding to the RhoA GEF Ect2 ([@bib4]; [@bib63]). Later in cytokinesis, the central spindle matures to form the microtubule-based midbody. In *C. elegans* embryos, examination of the intercellular bridge by 3D electron tomography at specific timepoints following the onset of furrowing has revealed that midbody microtubules are lost \~300 s prior to abscission ([@bib33]). Despite the absence of midbody microtubules, ZEN-4 levels in the intercellular bridge increase prior to abscission ([@bib16]). In embryos in which assembly of the central spindle is prevented, ZEN-4 is not present on midzone/midbody microtubules during cytokinesis but is still recruited to the intercellular bridge prior to abscission ([@bib16]). These results suggest that centralspindlin can target to the intercellular bridge independently of midbody microtubules during abscission in *C. elegans*, perhaps consistent with the localization of centralspindlin to stable intercellular bridges that lack intervening midbodies in the syncytial germlines of different species ([@bib6]; [@bib18], [@bib19], [@bib20]; [@bib22]; [@bib41]; [@bib67]).

![Both centralspindlin subunits localize to intercellular bridges throughout *C. elegans* germline development.\
(**A**) (*Left*) Schematics highlight the domain structure of the two molecular components, CYK-4 and ZEN-4, of the heterotetrameric centralspindlin complex, and the location of the temperature sensitive mutations used in this study. (*Right*) Schematic showing that centralspindlin is formed by the association of a dimer of CYK-4 with a dimer of ZEN-4. (**B**) (*Left*) Schematics illustrate the development of the syncytial germline. See text for details. (*Right*) Fluorescence confocal images of germlines in worms at the indicated stages expressing an mCherry-tagged plasma membrane marker and either CYK-4::mNeonGreen or *in situ*-tagged GFP::ZEN-4. Images for L4 and adult stage germlines are maximum intensity projections. (**C**) Rachis bridges increase in diameter during oocyte loading prior to their closure during cellularization. (*Upper left*) Schematic shows the location of the germline regions in the images and the nomenclature for labeling the compartments in the Loop (Loop 1--4) and Oocyte Cellularization (Oocyte 1--5) Regions. As indicated, Oocyte 1 was the first compartment after the turn. (*Upper right*) Graph plotting the diameters of the rachis bridges (mean ± SEM) in the indicated regions of the germline measured in the CYK-4::mNeonGreen images. n = number of cells analyzed at the indicated position/region. (*Lower panels*) Maximum intensity projections of confocal images of the pachytene, loop, and oocyte cellularization regions of adult germlines acquired in the strain expressing an mCherry-tagged plasma membrane marker and CYK-4::mNeonGreen. Merged images are shown alongside single color images showing the CYK-4::mNeonGreen signal. Scale bars are 10 µm.\
10.7554/eLife.36919.005Figure 1---source data 1.Rachis bridges increase in diameter during oocyte loading prior to their closure during oocyte cellularization.](elife-36919-fig1){#fig1}

Here, we analyze the role of centralspindlin at intercellular bridges in the *C. elegans* syncytial oogenic germline. During normal cytokinesis, both centralspindlin subunits have an equivalent essential role in assembly of the central spindle and contractile ring constriction ([@bib5]; [@bib7]; [@bib28]; [@bib36]; [@bib38]; [@bib42]; [@bib45]; [@bib47]; [@bib48]; [@bib54]). In contrast, we show that during the cytokinesis-like event in the germline that closes intercellular bridges to celluarize oocytes, CYK-4 is essential, whereas the kinesin-6 ZEN-4 is not. We show that the Rho GTPase binding interface of the CYK-4 GAP domain and its lipid-binding C1 domain are individually required to target CYK-4 to the rachis bridges and for oocyte cellularization. Consistent with the idea that recruitment to bridges is mediated by binding of the CYK-4 GAP domain to RhoA, knockdown of Rac and Cdc42 did not affect CYK-4 recruitment or oocyte cellularization, whereas RhoA inhibition disrupted germline structure in a fashion similar to CYK-4 inhibition. Cumulatively, our results highlight a critical role for CYK-4 in the closure of intercellular bridges during oocyte cellularization and suggest the C-terminal C1 and GAP domains of CYK-4 form a module required for targeting CYK-4 to cortical structures.

Results {#s2}
=======

Both centralspindlin subunits localize to intercellular bridges throughout *C. elegans* germline development {#s2-1}
------------------------------------------------------------------------------------------------------------

In *Drosophila* and mice, cells in syncytial germline cysts are connected to each other by stable intercellular bridges. One (*Drosophila*) or several (mice) of the most-connected cells in the cyst differentiate to become oocytes and the other cells serve a nurse-like function ( [@bib34]; [@bib50]). The oogenic germline in the adult *C. elegans* hermaphrodite operates in a more egalitarian, assembly line-like fashion with \~1000 nuclei in cup-shaped cellular compartments connected to a common cytoplasmic channel called the rachis ([@bib24]; [@bib26]; [@bib37]). Mitotic divisions at the distal tip generate new nuclei-containing compartments that progress through the stages of meiotic prophase as they traverse through the pachytene, loop, and oocyte cellularization regions ([Figure 1B,C](#fig1){ref-type="fig"}). Transcription in pachytene nuclei produces material that is loaded by cytoskeleton-driven flow into expanding compartments in the loop region ([@bib13]; [@bib55]; [@bib64]). In the oocyte cellularization region, the circular openings into the nuclear compartments (which we will refer to as rachis bridges) close to separate individual oocytes from the syncytium, with one oocyte cellularizing approximately every 20 min. Consistent with prior work ([@bib67]), imaging of a functional CYK-4::mNeonGreen fusion and an *in situ*-tagged GFP::ZEN-4 fusion ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) revealed that both proteins localize to the surface of the rachis and to the rachis bridges ([Figure 1B,C](#fig1){ref-type="fig"}); both proteins are also detected at lower levels in nuclei. Consistent with prior measurements ([@bib49]), rachis bridge diameter decreased by \~40% during progression through pachytene (from \~2.5 in the distal region to 1.4 µm in the proximal region) and then steadily increased concurrent with oocyte loading in the loop region ([Figure 1C](#fig1){ref-type="fig"}, Loop 1 to Loop 4). In the oocyte cellularization region, rachis bridge diameter decreased from \~4 µm to closed coincident with tapering of the rachis to a fine tip ([Figure 1C](#fig1){ref-type="fig"}, Oocyte 1 to Oocyte 4).

Monitoring of the two centralspindlin components during development of the germline syncytia ([Figure 1B](#fig1){ref-type="fig"}, Germline development (Larval Stages)) suggested that the cytoplasm-filled rachis is an expanded intercellular bridge. The germline arises from a pair of connected primordial germ cells (Z~2~ and Z~3~) that arise from an incomplete cytokinesis in the embryo ([@bib14]; [@bib27]) and remain quiescent until the mid-L1 larval stage. At the L1 larval stage, the intercellular bridge connecting Z~2~ and Z~3~ extends out on one side ([Figure 1B](#fig1){ref-type="fig"}, [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}). Examination of serial sections of an L1 germline using electron microscopy revealed that the two nuclei-containing compartments sit side-by-side and open into the small cytoplasm containing intercellular bridge (the nascent rachis; [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}; [Video 1](#video1){ref-type="video"}). Subsequent nuclear divisions at the L1 and L2 stages generate additional compartments each with a circular opening to the rachis. At the L3 stage, the germline narrows in the middle, partitioning the syncytium into two arms that increase in length and fold back on themselves during the L4 stage. A dramatic structural reorganization of the germline accompanies the transition to oocyte production in the adult; the rachis increases in width to support component delivery to the nascent oocytes ([Figure 1B](#fig1){ref-type="fig"}). Thus, there is a structural continuity through development between the stable intercellular bridge arising from the first incomplete cytokinesis and the rachis in the adult. Consistent with the idea that the rachis is an extended intercellular bridge, the two centralspindlin subunits, which are conserved components of intercellular bridges throughout metazoans, localize to both the rachis surface and rachis bridges throughout development of the germline syncytia ([Figure 1B](#fig1){ref-type="fig"}).

###### Structure of the syncytial germline at the two-compartment stage in an L1 larva.

Video shows images of a stack of serial 100 nm serial sections of an L1 germline that were collected and imaged by transmission electron microscopy. Images are shown without and then with superposition of a pseudocolor model in which the regions within the boundary of the two-compartment germline syncytium (*red*) and germline nuclei (*green*) are highlighted.

10.7554/eLife.36919.007

CYK-4 is required for oocyte cellularization in the adult germline {#s2-2}
------------------------------------------------------------------

There are two distinct cytokinesis-like processes that contribute to germline development: (1) compartment proliferation: incomplete cytokinesis-like events that generate compartments, which remain attached via open bridges to the rachis, during development and at the distal tip in adults and (2) oocyte cellularization: complete cytokinesis-like events that occur in the proximal region of the adult germline, where rachis bridges close to cellularize oocytes and separate them from the germline syncytium. CYK-4 depletion has previously been shown to disrupt germline structure and cause sterility ([@bib15]; [@bib67]). To determine if *cyk-4* inhibition compromises either (or both) of the cytokinesis-like processes in the germline, we began by using a temperature-sensitive mutant in the C-terminal half of CYK-4 (*or749ts*; [Figure 1A](#fig1){ref-type="fig"}) that compromises both the GAP and C1 domains at the non-permissive temperature ([@bib5]; [@bib7]; [@bib66]). The product of *cyk-4(or749ts)*, CYK-4^E448K^, interacts with ZEN-4 and supports assembly of the central spindle; nonetheless, upshift of *cyk-4(or749ts)* embryos leads to a cytokinesis defect comparable in severity to CYK-4 depletion ([@bib5]; [@bib7]; [@bib38]; [@bib66]). Prior work has also shown that a GFP fusion with CYK-4^E448K^ fails to target to the rachis surface in the germline at the non-permissive temperature ([@bib66]), predicting that this mutant would exhibit a centralspindlin-null phenotype in the germline.

To assess the effect of CYK-4 C-terminal mutant on compartment proliferation during development, we upshifted L1 larvae to the non-permissive temperature (25°C), when the germline consists of a single pair of connected cells, and examined them at the L4 stage. Surprisingly, despite the penetrant effect of *cyk-4(or749ts)* on cortical remodeling during embryonic cytokinesis, germlines in L1-upshifted animals appeared normal at the L4 stage, with a comparable number of compartments to the germlines in control animals ([Figure 2A](#fig2){ref-type="fig"}). Consistent with the normal appearance of the germlines in the upshifted animals, L1 larvae that developed to the L4 stage at 25°C and were then shifted back to the permissive temperature (16°C) laid a normal number of embryos ([Figure 2A](#fig2){ref-type="fig"}).

![CYK-4 is required for oocyte production by the adult germline.\
(**A**) The CYK-4 C-terminus is not required for compartment proliferation during germline development. (*Upper left*) Larvae were upshifted to the non-permissive temperature (25°C) at the L1 stage and the germlines were examined at the L4 stage as indicated in the schematic. (*Upper right*) Representative single plane confocal images of germlines in L4 stage worms (control or *cyk-4(or749ts)*) expressing a GFP-tagged plasma membrane probe (shown in red) and mCherry::histone H2B (shown in green) after the upshift protocol. Dashed lines mark the germline boundaries. (*Lower left*) Schematic outline of the upshift protocol used to assess embryo production. (*Lower right*) Graph plots the number of embryos laid by the worms between 24 and 48 hr after downshift. (**B**) The CYK-4 C-terminus is required for oocyte production in the adult. (*Upper left*) Larvae were upshifted to the non-permissive temperature (25°C) at the L4 stage and the germlines were examined 28 hr later as indicated in the schematic. (*Upper right*) Representative single plane confocal images of germlines in adult stage worms (control or *cyk-4(or749ts)*) expressing a GFP-tagged plasma membrane probe (shown in red) and mCherry::histone H2B (shown in green) after the upshift. (*Lower left*) Schematic outline of the upshift protocol used to assess embryo production. (*Lower right*) Graph plots the number of embryos produced between 24 and 48 hr after upshift. n in images in A and B = number of imaged germlines. N in graphs = number of assayed worms. Scale bars are 10 µm.\
10.7554/eLife.36919.009Figure 2---source data 1.The CYK-4 C-terminal region is not required for germline compartment proliferation.\
10.7554/eLife.36919.010Figure 2---source data 2.The CYK-4 C-terminal region is required for oocyte production.](elife-36919-fig2){#fig2}

In the converse experiment, performed to assess the effect of CYK-4 C-terminal mutant in the adult, larvae were grown to the L4 stage at the permissive temperature and were then shifted to the non-permissive temperature and analyzed 28 hr later. Under this regime, germline structure was strongly perturbed compared to equivalently treated control worms. Partitions were absent in the loop and oocyte cellularization regions and the proximal region of the germline had the appearance of a hollow multinucleated tube (tubulated germline; [Figure 2B](#fig2){ref-type="fig"}). These results indicate that the CYK-4 C-terminal region, which is required for the recruitment of CYK-4 to the rachis surface/bridges, is important for germline morphology and function after the transition to oocyte production in the adult but is not required for compartment proliferation between the L1 and L4 larval stages.

ZEN-4 is not essential for oocyte production in the adult syncytial germline {#s2-3}
----------------------------------------------------------------------------

The above data show that a mutation in the CYK-4 C-terminus significantly disrupts embryo production by the adult syncytial germline. To determine if this function requires CYK-4 to act in the context of the centralspindlin complex, we depleted CYK-4 or ZEN-4 by injecting dsRNA at the L4 stage and analyzed germline structure 48 hr later. Consistent with the phenotype observed for the *cyk-4(or749ts)* mutant shifted to the non-permissive temperature at the L4 stage ([Figure 2B](#fig2){ref-type="fig"}), partitions in the loop and oocyte cellularization regions were absent in *cyk-4(RNAi)* worms and the proximal region of the germline had the appearance of a hollow multinucleated tube ([Figure 3A](#fig3){ref-type="fig"}). As expected for such a severe defect, *cyk-4(RNAi)* worms were unable to produce embryos ([Figure 3B](#fig3){ref-type="fig"}). However, in striking contrast to CYK-4 depletion, ZEN-4 depletion had very little effect on germline structure ([Figure 3A,C](#fig3){ref-type="fig"}) or embryo production ([Figure 3B](#fig3){ref-type="fig"}). We confirmed using *in situ*-tagged GFP::ZEN-4 that the RNAi conditions employed efficiently depleted ZEN-4 from the germline ([Figure 3C](#fig3){ref-type="fig"}); in addition, *zen-4* RNAi led to 100% embryonic lethality ([Figure 3B](#fig3){ref-type="fig"}), as expected based on its essential role in embryonic cytokinesis ([@bib42]; [@bib47]; [@bib48]). These observations suggest that CYK-4 can function in the adult germline independently of ZEN-4. As this result would predict, mNeonGreen-tagged CYK-4 maintained its localization on the rachis surface and rachis bridges in ZEN-4 depleted worms ([Figure 3D](#fig3){ref-type="fig"}), consistent with a prior immunofluorescence analysis showing that CYK-4 maintains its localization to the rachis surface in an upshifted temperature-sensitive *zen-4* mutant ([@bib67]).

![ZEN-4 is not essential for embryo production by the adult syncytial germline.\
(**A**) (*Top*) Schematic outline of the imaging experiment following dsRNA injection. (*Bottom*) Single plane confocal images of adult germlines expressing a GFP-tagged plasma membrane probe (shown in red) and mCherry::histone H2B (shown in green) following depletion of CYK-4 or ZEN-4 by RNAi. n = number of worms imaged. (**B**) Graphs plotting the number of embryos laid by the worms during the indicated time intervals (*left*) or embryonic viability (*right*) (mean ± SD) for the indicated conditions. N = number of worms, n = number of embryos. (**C**) Maximum intensity projections of the adult germline in control and *zen-4(RNAi)* worms expressing *in situ*-tagged GFP::ZEN-4 and an mCherry-tagged plasma membrane probe. n = number of worms imaged. (**D**) (*left three columns*) Maximum intensity projection images of adult germlines in control (*top*) and *zen-4(RNAi)* (*bottom*) worms expressing CYK-4::mNeonGreen (*green*) and a mCherry-tagged plasma membrane probe (*red*). (*right column*) Single plane images of a portion of the pachytene region. n = number of imaged worms. (**E**) (*Top*) Schematic outline of the experiment imaging adult worms following temperature upshift at the L4 stage. (*Bottom*) Single plane confocal images showing the GFP-tagged plasma membrane probe in adult germlines and embryos in the uterus of worms subjected to the upshift protocol. n = number of worms imaged. (**F**) Graph plotting the number of embryos produced (between 24 and 48 hr after temperature upshift at the L4 stage. Embryos in the uterus were counted in addition to embryos laid because centralspindlin mutants, especially *cyk-4(t1689ts)*, are somewhat egg laying defective under these conditions. (**G**) Images of adult germlines in control (*left*) and *spd-1(RNAi)* (*right*) worms expressing GFP::β-tubulin, mCherry::histone and an mCherry-tagged plasma membrane probe. Insets (bottom panels) show the GFP::β-tubulin signal in the boxed regions (oocyte cellularization region) with yellow dashed lines outlining the cell boundaries). n = number of imaged worms. As illustrated in (**A**), after dsRNA injection, worms were incubated for 48 hr at 20°C before imaging in (**C**), (**D**) and (**G**). Scale bars are 10 µm.\
10.7554/eLife.36919.013Figure 3---source data 1.ZEN-4 is required for embryo viability but not production.\
10.7554/eLife.36919.014Figure 3---source data 2.The CYK-4---ZEN-4 interaction is not required for embryo production.](elife-36919-fig3){#fig3}

The above result suggests that, in contrast to the *cyk-4(or749ts)* mutant that disrupts the CYK-4 C-terminus, the fast-acting temperature-sensitive mutants that block centralspindlin assembly by disrupting the interaction between the CYK-4 and ZEN-4 dimers (*cyk-4*(*t1689ts*) and *zen-4*(*or153ts*), [Figure 1A](#fig1){ref-type="fig"}; \[[@bib10]; [@bib21]; [@bib28]; [@bib54]\]) might not disrupt germline structure in the adult. Consistent with this prediction, germline structure appeared normal in adult *cyk-4*(*t1689ts*) and *zen-4*(*or153ts*) mutant worms upshifted for 28 hr beginning at the L4 stage, and the upshifted mutant worms retained the ability to lay embryos ([Figure 3E,F](#fig3){ref-type="fig"}). Notably, penetrant division failure was observed in the embryos in the uterus in the upshifted *cyk-4*(*t1689ts*) and *zen-4*(*or153ts*) mutant worms, confirming that the interaction between the CYK-4 and ZEN-4 dimers is essential for cytokinesis ([Figure 3E](#fig3){ref-type="fig"}). Thus, analysis of germline structure and embryo production following RNAi-mediated depletion of CYK-4 and ZEN-4 beginning at the L4 stage as well as following upshift of fast-acting temperature-sensitive mutants at the L4 stage indicates that CYK-4 plays a critical role in germline structure and embryo production in the adult, whereas ZEN-4 does not.

To assess the role of the interaction between the CYK-4 and ZEN-4 in development, we upshifted the centralspindlin assembly mutants at the L1 larval stage and analyzed them 24 hr later at the L4 stage. In contrast to the mutant that disrupts the CYK-4 C-terminus (*cyk-4(or749ts)*), the upshifted centralspindlin assembly mutants (*cyk-4*(*t1689ts*) and *zen-4*(*or153ts*)) exhibited a global growth defect ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Even following a subsequent downshift for 24 hr, the resulting adults remained significantly smaller than comparably treated control or *cyk-4(or749ts)* worms ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). The germlines in the centralspindlin assembly mutant worms that were upshifted between the L1 and L4 stages were also smaller and exhibited apparent 'pathfinding' defects ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}). The aberrant germlines in the L1-L4 upshifted centralspindlin assembly mutants were also not able to produce embryos following temperature downshift ([Figure 3---figure supplement 1C](#fig3s1){ref-type="fig"}), in agreement with prior work that reported germline defects and sterility in worms subjected to *zen-4* RNAi beginning at the L1 stage ([@bib67]). The global effect on worm growth of the centralspindlin assembly mutants makes it difficult to interpret the germline phenotypes, because they likely arise as a secondary consequence. We note that, despite the global inhibition of growth, the germlines exhibited compartment proliferation, and multinucleated compartments were not observed. The essential role of centralspindlin in worm growth may reflect a microtubule-related function because the *cyk-4(or749ts)* mutant that fails to promote cytokinesis, but retains the ability to interact with ZEN-4 and can promote central spindle assembly ([@bib5]) is able to support normal worm growth.

We conclude that the interaction between CYK-4 and ZEN-4, which is required for central spindle assembly during cytokinesis ([@bib28]; [@bib42]; [@bib54]), is essential for worm growth/development between the L1 and L4 stages, whereas the CYK-4 C-terminus is not. Conversely, the CYK-4 C-terminus, which is required for contractile ring assembly ([@bib5]; [@bib7]; [@bib38]; [@bib66]), is essential for oocyte production in adult worms, whereas ZEN-4 is not.

One reason for why ZEN-4, a microtubule motor, could be dispensable for embryo production in the adult germline is suggested by imaging of a strain expressing fluorescent β-tubulin ([Figure 3G](#fig3){ref-type="fig"}). As previously reported, abundant microtubules are present throughout the germline, extending into compartments and oocytes ([@bib60]; [@bib64]; [@bib67]). However, in contrast to cytokinesis, where contractile ring assembly is directed by an organized set of anti-parallel microtubule bundles called the central spindle, the rachis bridges in the oocyte cellularization region lack an organized microtubule-based structure (see also \[[@bib64]\]). In addition, depletion of the PRC1 homolog SPD-1, a microtubule bundling protein required for central spindle assembly ([@bib59]), did not lead to any apparent changes in microtubule organization or germline architecture ([Figure 3G](#fig3){ref-type="fig"}). We conclude that in contrast to cytokinesis, where both CYK-4 and ZEN-4 are required, CYK-4 can act independently of ZEN-4 to support oocyte production. We suggest that the differential importance of ZEN-4 in cytokinesis compared to oocyte cellularization may reflect a difference in the role of microtubule-based signaling in the two contexts.

CYK-4 is required for oocyte cellularization {#s2-4}
--------------------------------------------

Our results indicated that depleting CYK-4, or disrupting the C-terminal region containing its GAP and C1 domains using a mutant, leads to a tubulated proximal germline that lacks compartment boundaries ([Figure 2B](#fig2){ref-type="fig"}, [Figure 3A](#fig3){ref-type="fig"}). To understand the origin of this phenotype, we developed the means to longitudinally monitor individual living worms over a 5-hr period using a specially made microfluidic device ('worm trap'; [Figure 4A](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}), in which worms are periodically immobilized for imaging and then released to move and feed between timepoints (spaced 50--75 min apart). Bacterial suspension is perfused through the microchannel network throughout the imaging session to enable feeding. This setup is conceptually similar to a recently presented microfluidic platform for high-resolution longitudinal imaging of *C. elegans* ([@bib29]); however, the device we designed is simpler and easier to make, because it does not have an embedded microchannel layer. The loading of worms into the device, which is accomplished by manually transferring them into a drop of liquid on top of the device using a standard platinum worm pick, is also straightforward.

![CYK-4 is required for oocyte cellularization.\
Individual CYK-4 mutant worms were longitudinally monitored using a custom vacuum-actuated microfluidic device (the 'worm trap'). (**A**) Schematics summarize the experimental procedure for mounting worms in the trap (*top*), temperature shift (*middle*), and periodic immobilization for imaging (*bottom*). Shown are a series of images demonstrating gradual immobilization and release of a single worm at low magnification (10x), and a single plane high-resolution (60x) image of immobilized worm. (**B**) (*top*) Individual young adult worms carrying the *cyk-4(t1689ts)* mutation that blocks the interaction between CYK-4 and ZEN-4 dimers (n = 7; Centralspindlin Assembly) or the *cyk-4(or749ts)* mutation that compromises the CYK-4 C-terminus (n = 9; CYK-4 C-term) expressing a GFP-tagged plasma membrane probe (shown in red) and an mCherry fusion with histone H2B (shown in green) were tracked for 5 hr at restrictive temperature in the worm trap. Worms were immobilized periodically for imaging, as indicated in the schematic in (**A**). Single plane images from the time course are shown. (**C**) Schematics illustrate how the phenotype in *cyk-4(or749ts)* worms arises. Following upshift, the partition between the last two uncellularized oocytes resects due to the combined effects of the rachis widening and the rachis bridges opening up (for example, see white arrowheads in the sequence in (**B**)). Resection of the next and subsequent partitions in a similar fashion (purple arrowheads in the sequence in (**B**)) leads to a hollow multinucleated 'tubulated' proximal germline. Scale bars are 10 µm.](elife-36919-fig4){#fig4}

To determine how the tubulated proximal germline phenotype arises following CYK-4 inhibition, we combined the worm trap imaging approach with temperature upshift of the *cyk-4(or749ts)* mutant that disrupts the C1-GAP domain module in the CYK-4 C-terminus. As a control, we conducted the same analysis with the *cyk-4(t1689ts)* mutant, which disrupts the CYK-4---ZEN-4 interaction but does not significantly affect germline structure. Upshifting adult *cyk-4(t1689ts)* mutant worms did not prevent oocyte cellularization during the 5 hr imaging period. In contrast, upshifting the *cyk-4(or749ts)* mutant, resulted in gradual development of the tubulated germline phenotype. The phenotype initiated at the proximal tip of the germline where the nascent oocyte was in the process of cellularizing to separate from the germline syncytium. In normal germlines, the diameter of the rachis decreases, tapering to a pointed tip, in parallel with the reduction in the diameter of the rachis bridges that open into the nascent oocytes. The combination of these two events brings the distal partition of the oocyte up to the top of the germline tube and cellularizes the oocyte to bud it off the rachis tip ([Figure 1C](#fig1){ref-type="fig"}, [Figure 4B,C](#fig4){ref-type="fig"}). In *cyk-4(or749ts)* germlines after the temperature upshift, the rachis tip above the cellularizing oocyte appeared to widen and lose its structure ([Figure 4B](#fig4){ref-type="fig"}, yellow arrowheads in 50 and 110 min timepoints), suggesting that it no longer tapered normally; at the same time, the rachis bridges in the cellularizing oocyte and adjacent compartment opened up ([Figures 4B](#fig4){ref-type="fig"}, 50 and 110 min timepoints). Together, these events caused retraction of the partition separating the last uncellularized oocyte from its neighbor ([Figure 4B](#fig4){ref-type="fig"}, white arrowheads in 50 to 185 min timepoints, [Figure 4C](#fig4){ref-type="fig"}). This was followed by opening of the bridge to the next compartment and loss of another partition (purple arrowheads in 185 and 245 min timepoints).

We also analyzed the width of rachis bridges in the pachytene region after 5--6 hr at non-permissive temperature ([Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}) and found that the width of the rachis bridges increased in both control and *cyk-4(or749ts)* worms after a 5.5 to 6 hr upshift to 25°C. The increase was greater in *cyk-*4(*or749ts)* worms than in controls so that the average pachytene rachis bridge diameter was \~4.5 ± 0.8 µm in *cyk-*4(*or749ts)* worms compared to 3.7 ± 0.5 µm in controls at 25°C. It is unclear if this increase in rachis bridge diameter arises due to a mild reduction in rachis contractility or as an indirect consequence of the disruption of oocyte cellularization. Although it is possible that the failure of oocyte cellularization in the upshifted mutants results from the fact that bridge width in the pachytene region is too large, we think this is unlikely, as rachis bridges in wild-type germlines are often observed to expand beyond a diameter of 4.5 µm as they are loaded with components in the turn region ([Figure 1C](#fig1){ref-type="fig"}).

We conclude, based on longitudinal imaging with a worm trap after temperature upshift, that the germline defect in the *cyk-4(or749ts)* mutant arises in a proximal to distal fashion due to failure of the two coordinated events that normally cellularize oocytes: compartment bridge closure and tapering of the rachis. Thus, CYK-4, and specifically its C-terminal C1-GAP module, is critical for the bridge closure that cellularizes oocytes to separate them from the germline syncytium.

CYK-4 requires both its C1 domain and the Rho GTPase interaction interface of its GAP domain to localize to the rachis surface and bridges and to promote oocyte cellularization {#s2-5}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The data above indicate that the C-terminal region of CYK-4 containing the C1 and GAP domains is essential for CYK-4 function in the germline. Prior work has suggested that the CYK-4 C1 domain is required to target CYK-4 to the plasma membrane and that blocking C1 domain-mediated membrane targeting leads to a loss-of-function phenotype ([@bib2]; [@bib66]). The *cyk-4(or749ts)* mutant is thought to disrupt the function of the C1 as well as the GAP domain ([@bib66]), precluding assessment of the role of each domain. To analyze the respective roles of the C1 and GAP domains, we therefore generated a set of RNAi-resistant transgenes under the endogenous *cyk-4* promoter encoding untagged wild-type CYK-4 (WT), CYK-4 with the C1 domain deleted (ΔC1), and CYK-4 mutants with changes predicted based on prior structural work to disrupt GAP activity (R459A; mutation of the 'arginine finger') and the ability of the GAP domain to interact with Rho family GTPases (AAE mutant; R459A, K495A and R499E; [Figure 5A](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}). We note that R459 is part of the GTPase interacting interface, and we cannot exclude the possibility that its mutation could affect GTPase binding as well as GAP activity. All transgenes were expressed at levels comparable to endogenous CYK-4 ([Figure 5B](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1B](#fig5s1){ref-type="fig"}). Examination of germline structure and counting the number of embryos laid 24--48 hr after injection of dsRNA to deplete endogenous CYK-4 confirmed that the transgene encoding WT CYK-4 rescued both germline structure and embryo production. In contrast, the ΔC1, R459A and AAE mutants all failed to rescue ([Figure 5C](#fig5){ref-type="fig"}, [Figure 5---figure supplement 1C](#fig5s1){ref-type="fig"}). Thus, both the C1 and the GTPase binding interface of the GAP domain are important for the germline function of CYK-4.

![CYK-4 requires both its C1 domain and the Rho GTPase interaction interface of its GAP to target to the rachis surface and bridges and promote oocyte cellularization.\
(**A**) (*Left*) Schematic illustrates the set of single copy untagged RNAi-resistant *cyk-4* transgenes inserted into a specific location on Chr. II generated to analyze the role of the C1 and GAP domains. (*Right*) Structure of the complex of human Cyk4 GAP domain (grey) and RhoA (blue) (reproduced based on PBD ID 5C2K). Key residues in the binding pocket (numbered as per *C. elegans* CYK-4) are highlighted in orange (R459, catalytic arginine finger) and magenta (K495 and R499, important for GTPase binding). (**B**) Immunoblots of extracts prepared from worms lacking a transgene (None; N2 strain) or with the transgenes outlined in (**A**) in the presence (+) or absence (-) of RNAi to deplete endogenous CYK-4. Blots were probed with antibodies to CYK-4 (*top*) and α-tubulin as a loading control (*bottom*). With the exception of the ΔC1 mutant, which runs at a lower molecular weight, the transgene-encoded proteins ran at the same molecular weight as endogenous CYK-4. In the absence of a *cyk-4* transgene, the CYK-4 band disappears, confirming the effectiveness of our RNAi. The protein running at the level of endogenous CYK-4 after RNAi in the WT, R459A, AAE samples is the transgenic protein. (**C**) (*Left*) Single central plane images of the germline in adult worms with the indicated transgenes that were also expressing mCherry::histone and an mCherry plasma membrane maker after depletion of endogenous CYK-4 by RNAi. n = number of worms. (*Right*) Graph plotting the number of embryos laid 24--48 hr post-injection (mean ± SD) for strains expressing the indicated *cyk-4* transgenes (without histone or plasma membrane markers). N = number of worms. (**D**) Single central plane images of the germline in adult worms expressing the indicated CYK-4::mCherry fusions. Asterisks highlight the localization of each of the fusions to nuclei and arrows point to the rachis surface in each germline. n = number of imaged worms. (**E**) Immunoblot of extracts prepared from worms expressing the mCherry-tagged RNAi-resistant *cyk-4* transgenes probed with antibodies to CYK-4 (*top*) and α-tubulin (*bottom*) as a loading control. Scale bars are 10 µm.\
10.7554/eLife.36919.023Figure 5---source data 1.Both the C1 domain and the GTPase binding interface of the GAP domain are required for the germline function of CYK-4.](elife-36919-fig5){#fig5}

To examine the effects of the engineered mutations on the ability of CYK-4 to localize to the rachis surface, we generated a parallel series of RNAi-resistant transgenes with a C-terminal mCherry tag ([Figure 5---figure supplement 1D](#fig5s1){ref-type="fig"}). WT CYK-4::mCherry localized to the rachis surface and was enriched in the rachis bridges; it was also present in nuclei, similar to mNeonGreen-tagged CYK-4 ([Figure 5D](#fig5){ref-type="fig"}, [Figure 1B](#fig1){ref-type="fig"}). In contrast, the ΔC1, R459A and AAE mutants failed to localize to the rachis surface and rachis bridges, although they were present at levels comparable to the WT protein in nuclei ([Figure 5D](#fig5){ref-type="fig"}) and localized to central spindles in embryos (*not shown*). Western blotting further confirmed comparable expression of the mCherry-tagged WT and mutant proteins ([Figure 5E](#fig5){ref-type="fig"}). These results suggest that both the C1 domain and the Rho GTPase-binding interface are essential for the targeting of CYK-4 to the rachis surface and rachis bridges. We note that these experiments were performed in the presence of endogenous CYK-4, with which the mutant proteins are expected to dimerize via their N-terminal coiled coil, and in the presence of endogenous ZEN-4. Thus, these results raise the possibility that centralspindlin complexes containing even one mutant C1 or one mutant GAP domain are unable to localize to the rachis surface. We conclude that the C1 domain that binds lipids and the GAP domain interface that interacts with Rho family GTPases are both required for the recruitment of CYK-4 to the rachis surface and for oocyte cellularization.

The Rho GTPase-binding interface of the CYK-4 GAP domain may recruit CYK-4 to the rachis surface/bridges by binding RhoA^RHO-1^ {#s2-6}
-------------------------------------------------------------------------------------------------------------------------------

Our results indicated that both the C1 domain of CYK-4 and the Rho GTPase binding interface of its GAP domain are required for CYK-4 to localize to the rachis surface and rachis bridges in the germline. In contrast to a prior report ([@bib67]), depletion of the germline anillin homolog ANI-2, which alters germline structure, did not prevent CYK-4 localization ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}). To understand how CYK-4 is recruited to the rachis surface/bridges, we began by analyzing the dynamics of this CYK-4-containing structure. To this end, we bleached a section of the rachis in the pachytene region in anesthetized adult worms expressing CYK-4::mNeonGreen and imaged the central-most plane. No detectable recovery of the bleached region was observed over a 5-min interval following the bleach ([Figure 6A](#fig6){ref-type="fig"}), suggesting that the CYK-4 containing structure that lines the rachis surface/bridges is not rapidly turning over.

![The Rho GTPase binding interface of the CYK-4 GAP domain may recruit CYK-4 to the rachis surface/bridges by binding RhoA^RHO-1^.\
(**A**) Central plane confocal images acquired in adult worms expressing CYK-4::mNeonGreen (*green*) and an mCherry-tagged plasma membrane probe (*red*) before and after photobleaching of the CYK-4::mNeonGreen signal in a section of the rachis in the pachytene region. (**B**) (*Left*) Single central plane images of germlines in adult worms expressing mCherry::H2B (shown in green) and a GFP-tagged plasma membrane probe (shown in red) following CYK-4 or RhoA^RHO-1^ depletion. n = number of worms. (*Right*) Plot of number of embryos laid by the worms 24--48 hr after dsRNA injection (mean ± SD) for the indicated targets in the N2 background. N = number of worms. (**C**) Single central plane images of germlines in adult worms expressing CYK-4::mCherry (shown in green) and a GFP-tagged plasma membrane probe (shown in red) following depletion of Rac^CED-10^ or Cdc42^CDC-42^ (48 hr post-injection). (**D**) Single central plane images of germlines in adult worms expressing CYK-4::mNeonGreen (*green*) and an mCherry-tagged plasma membrane probe (*red*) following partial depletion of RhoA^RHO-1^ or ECT-2 (20 hr post-injection). Insets (*bottom*) show the boxed regions magnified 1.5x. n = number of worms.\
10.7554/eLife.36919.030Figure 6---source data 1.Depletion of RhoA or CYK-4 leads to a comparable reduction in embryo production.](elife-36919-fig6){#fig6}

Since the localization of CYK-4 to the rachis surface/bridges depends on the Rho GTPase-binding interface of its GAP domain, we tested the role of Rho family GTPases in CYK-4 localization. As a first step, we counted the number of embryos laid 24--48 hr after injection of dsRNA targeting RhoA (RHO-1 in *C. elegans*), Rac (CED-10 in *C. elegans*; this RNA likely also targets the second *C. elegans* Rac homolog RAC-2) and Cdc42 (CDC-42). Inhibition of Rac^CED-10^ or CDC-42 did not affect embryo production ([Figure 6B](#fig6){ref-type="fig"}) or the localization of CYK-4 to the rachis surface/bridges ([Figure 6C](#fig6){ref-type="fig"}); depletion of Rac^CED-10^ or CDC-42 also did not rescue the germline defects of the CYK-4 Rho GTPase-binding interface mutants ([Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}). In contrast, RhoA^RHO-1^ depletion reduced embryo production and led to a tubulated germline phenotype similar to that resulting from CYK-4 depletion ([Figure 6B](#fig6){ref-type="fig"}). Because the rachis surface and bridges are lost following penetrant depletion of RhoA^RHO-1^ or its GEF, ECT-2, the amount of CYK-4 on the rachis surface cannot be analyzed. We therefore partially depleted ECT-2 and RhoA^RHO-1^ and analyzed CYK-4 localization. Levels of CYK-4::mNeonGreen on the rachis surface/bridges were qualitatively reduced by both depletions ([Figure 6D](#fig6){ref-type="fig"}). However, this experiment does not distinguish between the reduction in CYK-4 levels occurring because an interaction between the CYK-4 GAP domain and RhoA^RHO-1^ is required for the initial localization of CYK-4 or for its stable maintenance. We also cannot rule out the possibility that the Rho GTPase binding interface of the CYK-4 GAP domain is required for CYK-4 deposition via an interaction with an as yet uncharacterized protein, and the reduction in CYK-4 levels when RhoA^RHO-1^ is depleted is an indirect consequence of RhoA^RHO-1^ depletion compromising the structure of the rachis lining/bridges. However, we think this is unlikely, particularly since the set of proteins required for germline function has been comprehensively characterized ([@bib15]) and did not yield an attractive candidate whose inhibition gives a CYK-4 like phenotype.

In summary, both the CYK-4 C1 domain and the interface of the CYK-4 GAP domain predicted to interact with Rho family GTPases are required for incorporation of CYK-4 into the structure that lines the rachis surface and rachis bridges in the germline. Although we cannot rule out the possibility that the Rho GTPase-binding interface of the CYK-4 GAP domain is required for CYK-4 to accumulate at this site via an interaction with an as yet uncharacterized protein, we think it is most likely that it mediates recruitment by binding to RhoA^RHO-1^.

Active RhoA^RHO-1^ localizes to the rachis surface/bridges in an ECT-2 and CYK-4-dependent manner {#s2-7}
-------------------------------------------------------------------------------------------------

During conventional cytokinesis, both in *C. elegans* and in other systems, CYK-4 contributes to RhoA activation ([@bib62]; [@bib66]). To determine if CYK-4 also contributes to RhoA activation in the *C. elegans* germline, we expressed a GFP fusion with RGA-3, the major GAP that targets RhoA in the germline and in embryos ([@bib15]; [@bib51]; [@bib52]; [@bib65]). Our prior work suggested that RGA-3 localization follows the localization of active RhoA ([@bib65]). Consistent with the idea that RhoA^RHO-1^ is activated on the rachis surface, GFP::RGA-3 concentrated on the rachis surface/bridges, and this localization was lost following partial inhibition of RhoA^RHO-1^ or its activating GEF, ECT-2 ([Figure 7A](#fig7){ref-type="fig"}). Unlike CYK-4::mNeonGreen, GFP::RGA-3 on the rachis surface/bridges recovered following bleaching ([Figure 7B](#fig7){ref-type="fig"}), suggesting that active RGA-3-accessible RhoA^RHO-1^ turns over more rapidly than the CYK-4 containing structure that lines the rachis. We note that if there is a stable population of RhoA^RHO-1^ that is incorporated along with CYK-4 into the rachis/bridge lining, it would not be detected with either our GFP::RGA-3 probe or with the C-terminal fragment of anillin that has previously been used to visualize active RhoA ([@bib57]), since steric constraints would prevent both probes from simultaneously associating with GAP domain-bound RhoA. Consistent with a role for CYK-4 in activating RhoA in the germline, partial depletion of CYK-4 under conditions where the structure of the germline remained largely intact, led to loss of GFP::RGA-3 from the rachis surface ([Figure 7A](#fig7){ref-type="fig"}). During embryonic cytokinesis, mutations in the Rho GTPase binding interface of CYK-4 have been shown to compromise RhoA^RHO-1^ activation by CYK-4. In this context, inhibition of the paralogous RhoA GAPs RGA-3 and RGA-4 can partially suppress the resulting cytokinesis defects, suggesting that the mutants retain some ability to reach the plasma membrane and activate RhoA during cytokinesis. In the germline, RGA-3/4 depletion could not rescue the effect of the R459A mutation on embryo production ([Figure 7C](#fig7){ref-type="fig"}), which is consistent with our observation that the R459A mutant protein cannot localize to the rachis surface and is therefore unlikely to retain function.

![Active RhoA^RHO-1^ localization to the rachis surface/bridges depends on ECT-2 and CYK-4.\
(**A**) Maximum intensity projections (*top*) and single central plane images (*middle*) of the germline in adult worms expressing GFP::RGA-3 (*green*) and an mCherry-tagged plasma membrane probe (*red*) following partial depletion of RhoA^RHO-1^, ECT-2, or CYK-4 (20 hr post-injection). Insets (*bottom*) show the boxed regions magnified 1.5x. n = number of worms. (**B**) Central plane confocal images acquired in adult worms expressing GFP::RGA-3 (*green*) and an mCherry-tagged plasma membrane probe (*red*) before and after photobleaching of the GFP::RGA-3 signal in a section of the rachis in the pachytene region. (**C**) Graph plotting the number of embryos laid (mean ± SD) by worms expressing wildtype or R459A CYK-4::mCherry from RNAi-resistant transgenes following depletion of endogenous CYK-4 and/or RGA-3/4 as indicated. N = number of worms. Scale bars are 10 µm.\
10.7554/eLife.36919.032Figure 7---source data 1.RGA-3/4 depletion cannot rescue the effect of the R459A mutation on embryo production.](elife-36919-fig7){#fig7}

Discussion {#s3}
==========

During gametogenesis in metazoans, germ cells often undergo incomplete cytokinesis to form syncytia connected by intercellular bridges. In female germlines, syncytial organization facilitates oocyte provisioning ([@bib30]; [@bib34]; [@bib46]; [@bib50]); however, it also necessitates a mechanism for closing intercellular bridges to cellularize oocytes prior to fertilization, a process about which relatively little is known. The most conserved component of intercellular bridges, observed in all bridges examined, is the centralspindlin complex ([@bib6]; [@bib18], [@bib19], [@bib20]; [@bib22]; [@bib41]; [@bib67]). Surprisingly, given the equivalent functional importance of the two centralspindlin subunits during cytokinesis, we show that the CYK-4 GAP subunit of centralspindlin, but not the ZEN-4 motor, is required for the bridge closure that cellularizes oocytes in *C. elegans*. Engineered mutants revealed that the Rho GTPase-binding interface of the CYK-4 GAP domain collaborates with the lipid-binding C1 domain to target CYK-4 to intercellular bridges (see model in [Figure 8A](#fig8){ref-type="fig"}). This leads us to propose that the conserved C1-GAP region of CYK-4 constitutes a targeting module that functions in a fashion similar to the mechanism recently shown to recruit anillin to the cortex, in which its C2, Rho-binding, and PH domains all form low-affinity interactions that collectively target anillin to the membrane ([@bib56]).

![A C-terminal C1 domain-GAP module targets CYK-4 to the rachis surface/bridges to enable oocyte celluarization.\
(**A**) Schematics compare the closure of compartment bridges during oocyte cellularization in the germline (*left*) to cytokinesis (shown here in a two-cell stage embryo, *right*). (*Left*) During bridge closure in the germline, the CYK-4 C1 domain and the Rho GTPase binding interface collaborate to recruit CYK-4 to the rachis surface/bridges. In the germline, bridges are not bisected by a central spindle-like microtubule bundles and the kinesin-6, ZEN-4, although present, is not essential for CYK-4 targeting or cellularization. (*Right*) During cytokinesis, cortical contractility is patterned by the anaphase spindle. Both ZEN-4 and CYK-4 are required to assemble the central spindle and contractile ring. Targeting to the central spindle and other ZEN-4/microtubule-dependent mechanisms may help deliver CYK-4 to the cell surface. We speculate that the C-terminal module-based mechanism that operates in the germline may also contribute to targeting CYK-4 to the plasma membrane during cytokinesis. (**B**) Our data suggest that CYK-4 associated with the rachis surface promotes RhoA activation. If active RhoA^RHO-1^ generated by membrane-associated CYK-4 enables the recruitment of additional CYK-4 via interaction with its C1-GAP module, this would result in a positive feedback that promotes RhoA activation and CYK-4 recruitment.](elife-36919-fig8){#fig8}

A potential feedback loop for RhoA activation involving CYK-4 GAP domain-mediated localization {#s3-1}
----------------------------------------------------------------------------------------------

Our analysis revealed that GFP::RGA-3, which reads out a population of active RhoA, is lost on the rachis surface and bridges following CYK-4 depletion, suggesting that CYK-4 promotes RhoA activation in the germline. This finding is consistent with prior work on CYK-4 suggesting that it promotes RhoA activation during embryonic cytokinesis ([@bib38]; [@bib66]). How CYK-4 contributes to RhoA activation in either context is not known, although this function may require the region between its coiled-coil and C1 domains that, in human cells, directly binds to Ect2 ([@bib4]; [@bib63]). Much attention has been focused on the role of the CYK-4 GAP domain, since it is counter-intuitive that a GAP targeting Rho family GTPases would be required to activate RhoA. Our data in the *C. elegans* germline suggests that the Rho GTPase-binding interface of the GAP domain collaborates with the C1 domain, most likely by binding membrane-localized RhoA, to target CYK-4 to the rachis surface and rachis bridges. Thus, mutations in the Rho-binding interface of the GAP domain disrupt CYK-4 localization to the rachis surface and mimic loss of RhoA function in the germline ([Figure 5C,D](#fig5){ref-type="fig"}; [Figure 6B](#fig6){ref-type="fig"}; \[[@bib15]\]). Recent work on embryonic cytokinesis also found that mutations in the Rho GTPase-binding interface reduced RhoA activation ([@bib66]). The authors in that study proposed an alternative model in which the CYK-4 GAP domain interacts with the GEF domain of ECT-2, in a RhoA-dependent fashion, to activate it. However, it is important to note that this remains a speculative suggestion, as in vitro experiments have so far failed to support the idea that the CYK-4 GAP domain can activate the ECT-2 GEF ([@bib66]). Additional work will be needed to determine if the C1-GAP region of CYK-4 contributes to targeting CYK-4 to the cortex during cytokinesis as it does in the germline, or if it promotes RhoA activation via a distinct mechanism in this context.

Our results suggest that CYK-4 that is stably associated with the rachis surface contributes to the generation of a dynamic population of active RhoA (RGA-3-accessible; [Figure 7A](#fig7){ref-type="fig"}). The population of active RhoA generated by CYK-4 may, in turn, enable the recruitment of additional CYK-4 via its C1-GAP module, leading to a positive feedback loop that promotes RhoA activation [Figure 8B](#fig8){ref-type="fig"}. Such feedback would need to be restricted, potentially by the antagonistic activity of localized RGA-3/4, to achieve a specific level of RhoA activation. This feedback model could explain why the disruption of localization by selective mutations in the C1 or GTPase-binding interface of CYK-4, mimics RhoA loss-of-function in the germline.

Mechanisms triggering closure of intercellular bridges in the proximal germline {#s3-2}
-------------------------------------------------------------------------------

Our results suggest that a feedback loop involving CYK-4 mediated by its C-terminal C1-GAP module may ensure sufficient RhoA activation to enable closure of intercellular bridges and oocyte cellularization. However, given that RGA-3-accessible active RhoA is present on the rachis surface/bridges throughout the germline, an important question that remains is why bridge closure is specifically triggered in the proximal region of the germline. In dividing cells, a key regulatory event that promotes cytokinesis is reduction of Cdk1 kinase activity due to the activation of the anaphase-promoting complex/cyclosome (APC/C), the E3 ubiquitin ligase that targets cyclin B for degradation ([@bib17]). The cytokinesis-like event that cellularizes oocytes occurs near the end of meiotic prophase, prior to nuclear envelope breakdown and the first round of meiotic chromosome segregation. How or whether cell cycle regulators bring about oocyte expansion and cellularization is an open question. Consistent with the idea that oocyte cellularization could also be triggered by APC/C activation, we previously identified APC/C subunits in a phenotypic class characterized by the accumulation of oocytes with large open rachis bridges and compromised rachis tapering ([@bib15]). More work will be needed to determine whether transient APC/C activation is the trigger for cortical constriction during oocyte cellularization, as it is during cytokinesis, and, if so, to identify the target whose degradation promotes bridge closure.

Potential reasons why oocyte cellularization does not require ZEN-4 {#s3-3}
-------------------------------------------------------------------

Our data suggest that the ZEN-4 subunit of centralspindlin is not required to promote the closure of rachis bridges that cellularizes oocytes to separate them from the germline syncytium. This conclusion is supported by our analysis of germline structure and embryo production following RNAi-mediated depletion of CYK-4 and ZEN-4, as well as following upshift of temperature-sensitive mutants, both beginning at the L4 stage. We note that our conclusion is in contrast to a prior report based on analysis of fixed extruded germlines that suggested that *cyk-4*(*or749ts*) and *zen-4*(*or153ts*) germlines exhibit a similar phenotype ([@bib67]). A direct comparison with the prior work is difficult because the nature of the defects in the mutant germlines were not quantified; the images shown highlighted small patches of multinucleated compartments in the pachytene region of germlines. Although we have observed bi-nucleate compartments in the pachytene region in upshifted *zen-4(or153ts)* worms (particularly older worms), these events were rare. In contrast to this subtle phenotype, germlines of upshifted *cyk-4(or749ts)* worms exhibit a dramatic loss of partitions in the proximal germline that is not observed in the upshifted *zen-4(or153ts)* worms. Our conclusion is supported by RNAi experiments and by analysis of embryo production, all of which are consistent with CYK-4 not requiring ZEN-4 to cellularize oocytes.

These results raise the question of why CYK-4 can function independently of ZEN-4 in the germline, in contrast to cytokinesis where ZEN-4 is its obligate partner. In our view, the most likely explanation relates to the differential use of microtubules as a mechanism for positioning contractility in the two contexts. The proposed roles of CYK-4 in activating RhoA and/or inactivating Rac ([@bib17]; [@bib38]; [@bib62]; [@bib66]), and the essential role of its lipid-binding C1 domain (\[[@bib66]\]; [Figure 5C](#fig5){ref-type="fig"}), suggest that centralspindlin associates with the plasma membrane/cortex to function in the germline and during cytokinesis. However, there is a significant difference in the amount of centralspindlin constitutively associated with the plasma membrane/cortex in the two contexts. In the germline, centralspindlin forms a relatively stable structure that lines the rachis surface/bridges. In contrast, during contractile ring constriction in cytokinesis its most prominent localization is to microtubules and/or the overlapping microtubule bundles of the central spindle. Weak cortical localization has been reported during cytokinesis using CYK-4::GFP expressed with an exogenous *pie-1* 3' UTR that potentially drives overexpression ([@bib2]; [@bib66]). However, using functional transgenes under control of the endogenous *cyk-4* promoter and 3' UTR we have been unable to detect CYK-4 at the cortex during cytokinesis in early embryos (*not shown*). A second major difference is that during cytokinesis, targeting of centralspindlin to the cortex is proposed to be controlled by its localization to anti-parallel microtubule bundles in the central spindle ([@bib62]) and by ZEN-4 motor-based movement along and accumulation at the ends of stabilized astral microtubules ([@bib3]; [@bib11]; [@bib43]; [@bib44]; [@bib58]). In contrast, in the region of the germline where oocyte cellularization occurs there are no centrosomes, and hence no astral microtubules ([@bib40]), and no central spindle-like microtubule bundles ([Figure 3G](#fig3){ref-type="fig"}, \[[@bib64]\]). Thus, CYK-4 may function independently of ZEN-4 in the germline because the association of CYK-4 with the cortex is negatively regulated during cytokinesis to enable its control by microtubule-based signaling which generates a requirement for ZEN-4. Alternatively, association of CYK-4 with the cortex may be positively regulated to enable microtubule-independent localization in the germline by a modification or protein-protein interaction that is absent in dividing embryos. Additional work will be needed to discriminate between these potential mechanisms.

Materials and methods {#s4}
=====================

*C. elegans* strains {#s4-1}
--------------------

*C. elegans* strains (listed in [Table 1](#table1){ref-type="table"}) were maintained at 20°C, except for strains containing temperature-sensitive alleles, which were maintained at 16°C. Transgenes generated for this study were inserted in single copy at specific chromosomal sites using the transposon-based MosSCI method ([@bib12]). Depending on which Mos1 insertion site was used, transgenes were cloned into pCFJ151 (*ttTi5605* site on Chr II; Uni I *oxTi185* site on Chr I; Uni IV oxTi177 site on Chr IV), pCFJ178 (cxTi10882 site on Chr IV), or pCFJ352 (*ttTi4348* site on Chr I). Transgenes were generated by injecting a mixture of repairing plasmid containing the *Cb-unc-119* selection marker and appropriate homology arms (50 ng/µL), transposase plasmid (pCFJ601, P*eft-3::Mos1 transposase*, 50 ng/µL) and four plasmids encoding fluorescent markers for negative selection against chromosomal arrays \[pMA122 (P*hsp-16.41::peel-1*, 10 ng/µL), pCFJ90 (P*myo-2::mCherry*, 2.5 ng/µL), pCFJ104 (P*myo-3::mCherry*, 5 ng/µL) and pGH8 (P*rab-3::mCherry*, 10 ng/µL)\] into strains EG6429 (outcrossed from EG4322; *ttTi5605*, Chr II), EG6701 (*ttTi4348*, Chr I), EG8078 (*oxTi185*, Chr I), EG6250 (cxTi10882, Chr IV), or EG8081 (*oxTi177*, Chr IV). After 1 week, progeny of injected worms were heat-shocked at 34°C for 2 hr to induce the expression of PEEL-1 to kill extra chromosomal array containing worms ([@bib53]). Moving worms without fluorescent markers were identified as candidates, and transgene integration was confirmed in their progeny by PCR across the junctions on both sides of the integration site.

10.7554/eLife.36919.034

###### *C. elegans* strains used in this study.

  ------------------------------------------------------------------------------------------------------------------------------------------------------
  Strain \#   Genotype                                                                                     Figure
  ----------- -------------------------------------------------------------------------------------------- ---------------------------------------------
  N2          wild type (ancestral)                                                                        1S1, 1S2B, 2B, 3B, 5B, 5C, 5E, 5S1, 6B, 6S2

  OD95        *unc-119(ed3) III; ltIs37 \[pAA64; Ppie-1::mCherry::his-58; unc-119 (+)\] IV;*\              1S2, 2A, 2B, 3A, 3E, 3F, 3S1, 4S2, 6B
              *ltIs38 \[pAA1; Ppie-1::GFP::PH(PLC1delta1); unc-119(+)\] III*                               

  OD239       *cyk-4(or749ts) III; ltIs38 \[pAA1; Ppie-1::GFP::PH(PLC1delta1) unc-119 (+)\] III;*\         2A, 2B, 3S1, 4B, 4S2
              *ltIs37 \[pAA64; Ppie-1::mCherry::H2B his-58; unc-119 (+)\] IV*                              

  OD241       *cyk-4(t1689ts) III; ltIs38 \[pAA1; Ppie-1::GFP::PH(PLC1delta1) unc-119 (+)\] III;*\         3E, 3F, 3S1, 4B
              *ltIs37 \[pAA64; Ppie-1::mCherry::H2B his-58; unc-119 (+)\] IV*                              

  OD1176      *unc-119(ed3) III; ItSi346 \[pKL3; Pcyk-4::CYK-4reencoded::mCherry;*\                        5D, 5E, 5S1D, 6C, 7C
              *cb-unc-119(+)\] IV*                                                                         

  OD1178      *unc-119(ed3) III; ItSi348 \[pKL4; Pcyk-4::CYK-4reencoded(R459A)::mCherry;*\                 5D, 5E, 7C
              *cb-unc-119(+)\] IV*                                                                         

  OD1211      *ItSi346 \[pKL3; Pcyk-4::CYK-4reencoded::mCherry; cb-unc-119(+)\] IV; ltIs38 \[pAA1;*\       6C
              *Ppie-1::GFP::PH(PLC1delta1); unc-119 (+)\] III*                                             

  OD1364      *unc-119(ed3) III; ItSi432\[pKL33; Pcyk-4::CYK-4reencoded(∆C1)::mCherry;*\                   5D, 5E
              *cb-unc-119(+)\] IV*                                                                         

  OD1970      *ltSi835 \[pKL62; Pcyk-4::CYK-4reencoded; cb-unc-119(+)\]II; unc-119(ed3) III*               5B, 5S1B, 5S1C, 6S2

  OD1972      *ltSi837 \[pKL64; Pcyk-4::CYK-4reencoded(R459A);*\                                           5B, 5S1B, 5S1C, 6S2
              *cb-unc-119(+)\] II; unc-119(ed3) III*                                                       

  OD1974      *ltSi839 \[pKL65; Pcyk-4::CYK-4reencoded(R459A/K495A/R499E);*\                               5B, 5S1B, 5S1C, 6S2
              *cb-unc-119(+)\] II; unc-119(ed3) III*                                                       

  OD1978      *ltSi843 \[pKL67; Pcyk-4::CYK-4reencoded(∆C1); cb-unc-119(+)\] II; unc-119(ed3) III*         5B, 5S1B, 5S1C

  OD2064      *ltSi849\[pKL120; Pmex-5::mCherry-PH::tbb-2 3\'UTR; cb-unc-119(+)\]I;*\                      5C
              *ItSi641\[pKL89; Pcyk-4::CYK-4reencoded::GFP::MEI-1 (1--224); cb-unc-119(+)\]I;*\            
              *unc-119(ed3)III; ltIs37\[pAA64; pie-1/mCherry::H2B his-58; unc-119(+)\] IV*                 

  OD2083      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR;*\                          5C
              *cb-unc-119(+)\] I; ItSi641 \[pKL89; Pcyk-4::CYK-4reencoded::GFP::MEI-1 (1--224);*\          
              *cb-unc-119(+)\] I; ltSi835 \[pKL62; Pcyk-4::CYK-4reencoded; cb-unc-119(+)\]II;*\            
              *unc-119(ed3) III; ltIs37 \[pAA64; Ppie-1::mCherry::H2B his-58; unc-119(+)\] IV*             

  OD2084      *ltSi849 \[pKL120; Pmex-5::mCherry:: PH(PLC1delta1)::tbb-2 3\'UTR;*\                         5C
              *cb-unc-119(+)\] I; ItSi641 \[pKL89; Pcyk-4::CYK-4reencoded::GFP::MEI-1 (1--224);*\          
              *cb-unc-119(+)\] I; ltSi837 \[pKL64; Pcyk-4::CYK-4reencoded(R459A);*\                        
              *cb-unc-119(+)\] II; unc-119(ed3) III; ltIs37 \[pAA64; Ppie-1::mCherry::H2B his-58;*\        
              *unc-119(+)\] IV*                                                                            

  OD2085      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR;*\                          5C
              *cb-unc-119(+)\] I; ItSi641 \[pKL89; Pcyk-4::CYK-4reencoded::GFP::MEI-1 (1--224);*\          
              *cb-unc-119(+)\] I; ltSi839 \[pKL65; Pcyk-4::CYK-4reencoded(R459A/K495A/R499E);*\            
              *cb-unc-119(+)\] II; unc-119(ed3) III; ltIs37 \[pAA64; Ppie-1::mCherry::H2B his-58;*\        
              *unc-119(+)\] IV*                                                                            

  OD2087      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR; cb-unc-119(+)\]I;*\        5C
              *ItSi641 \[pKL89; Pcyk-4::CYK-4reencoded::GFP::MEI-1 (1--224); cb-unc-119(+)\] I;*\          
              *ltSi843 \[pKL67; Pcyk-4::CYK-4reencoded(∆C1); cb-unc-119(+)\] II; unc-119(ed3) III;*\       
              *ltIs37 \[pAA64; pie-1::mCherry::H2B his-58; unc-119(+)\] IV*                                

  OD2127      *ltSi220 \[pOD1249/pSW077; Pmex-5::GFP-tbb-2-operon-linker-mCherry-his-11;*\                 3G
              *cb-unc-119(+)\] I; ltSi849 \[pKL120; Pmex-5::mCh-PH::tbb-2 3\'UTR; cb-unc-119(+)\] I*       

  OD2286      *unc-119(ed3) III; ItSi867 \[pKL142; Pcyk-4::CYK-4reencoded(R459A/K495A/R499E)::mCherry;*\   5D, 5E
              *cb-unc-119(+)\] IV*                                                                         

  OD3639      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR; cb-unc-119(+)\] I;*\       7A, 7B
              *ltSi17 \[pOD928/EZ-36; Prga-3::GFP::RGA-3; cb-unc-119(+)\] II; unc-119(ed3) III*            

  OD3640      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR; cb-unc-119(+)\] I;*\       1B, 3C
              *unc-119(ed3) III(?); zen-4(lt30\[GFP::loxP::zen-4\]) IV*                                    

  OD3686      *ltSi849 \[pKL120; Pmex-5::mCherry::PH(PLC1delta1)::tbb-2 3\'UTR; cb-unc-119(+)\] I;*\       1B, 1C, 3D, 6A, 6D, 6S1
              *ltSi1124\[pKL177/pSG092; Pcyk-4::CYK-4reencoded::mNeonGreen::cyk-4 3\'-UTR;*\               
              *cb- unc-119(+)\] II; unc-119(ed3) III*                                                      

  JCC754      *unc-119(ed3) III?; ltIs38 \[pAA1; Ppie-1::GFP::PH(PLC1delta1); unc-119 (+)\] III;*\         3E, 3F, 3S1
              *zen-4(or153ts)IV; ltIs37 \[pAA64; Ppie-1::mCherry::his-58; unc-119 (+)\] IV*                
  ------------------------------------------------------------------------------------------------------------------------------------------------------

10.7554/eLife.36919.035

###### Oligos used for dsRNA production.

  -----------------------------------------------------------------------------------------------------------------------------
  Gene                     Oligonucleotide 1 (5'→3')     Oligonucleotide 2 (5→3')      Template         Concentration (mg/ml)
  ------------------------ ----------------------------- ----------------------------- ---------------- -----------------------
  *cyk-4 (K08E3.6)*        CGTAATACGACTCACTATAGGTGTCA\   CGTAATACGACTCACTATAGGCCTC\    N2 cDNA          2.0
                           AAGACACTCAGAAAC               TTCGAATTGGCAGCAGC                              

  *zen-4 (M03D4.1)*        AATTAACCCTCACTAAAGGAATTGGT\   TAATACGACTCACTATAGGATTGGA\    N2 cDNA          1.3
                           TATGGCTCCGAGA                 GCTGTTGGATGAGC                                 

  *ect-2*\                 TAATACGACTCACTATAGGTCTCCGA\   AATTAACCCTCACTAAAGGCAGCAG\    N2 genomic DNA   2.0
  (*T19E10.1*)             TAAATCTGTGGGG                 TTTGCGAAAATGAA                                 

  *spd-1*\                 TAATACGACTCACTATAGGTCGTTGA\   AATTAACCCTCACTAAAGGGAATTC\    N2 cDNA          1.8
  (*Y34D9A.4*)             CGCGTACTCAACT                 GAAATCCGACTCCA                                 

  *rga-3/4*\               TAATACGACTCACTATAGGCCTTCCT\   AATTAACCCTCACTAAAGGAGCTTT\    N2 genomic DNA   2.6
  (*K09H11.3/Y75B7AL.4*)   GAGCACGACTTTC                 CGCGACCTTAAACA                                 

  *rho-1 (Y51H4A.3)*       AATTAACCCTCACTAAAGGATCGTC\    TAATACGACTCACTATAGGCTCGGC\    N2 genomic DNA   1.9
                           TGCGTCCACTCTCT                TGAAATTTCCAAAA                                 

  *ced-10 (C09G12.8)*      AATTAACCCTCACTAAAGGATCGCC\    TAATACGACTCACTAT AGGTCAAAT\   N2 cDNA          2.0
                           TCATCGA AAACTTG               GTGTCGT CGTTGGT                                

  *cdc-42 (R07G3.1)*       AATTAACCCTCACTAAAGGGTTTGG\    TAATACGACTCACTATAGGACGTGT\    N2 genomic DNA   2.0
                           CATTTTTCAGGGAA                GCGTGCACATTTAT                                 

  *hyls-1 (C05C8.9)*       AATTAACCCTCACTAAAGGTGGCA\     TAATACGACTCACTATAGGTGATATC\   N2 cDNA          2.0
                           AATTTTACCACTGAAA              TTGTGACCGGATCA                                 

  *gfp*                    AATTAACCCTCACTAAAGGCCAA\      TAATACGACTCACTATAGGGTATAGT\   Plasmid          2.0
                           CACTTGTCACTACTTTCTGTTATGG     TCATCCATGCCATGTGTAATCCC                        
  -----------------------------------------------------------------------------------------------------------------------------

A CRISPR/Cas9-based method ([@bib8]) was used to generate an *in -situ*-tagged *gfp::zen-4* strain. Briefly, a repairing plasmid containing a loxP-flanked self-excision cassette (SEC; containing a dominant roller marker, a heat-shock inducible Cre recombinase and a hygromycin drug resistance marker) and GFP, together surrounded by homology arms for N-terminal insertion at the *zen-4* locus (651 bp of the *zen-4* 5'UTR and 541 bp of the *zen-4* coding sequence; pOD2083, 10 ng/µL) was co-injected with a plasmid encoding the Cas9 protein modified from pDD162 by inserting a guide RNA sequence (5'- AAATGTCGTCGCGTAAACG-3', 50 ng/µL) and three plasmids encoding fluorescent markers for negative selection \[pCFJ90 (P*myo-2::mCherry*, 2.5 ng/µL), pCFJ104 (P*myo-3::mCherry*, 5 ng/µL) and pGH8 (P*rab-3::mCherry*, 10 ng/µL)\] into the wildtype N2 strain. After a week, roller worms without fluorescent markers were singled and successful integration of GFP-SEC was confirmed by PCR spanning the homology regions on both sides. Roller worms (*gfp-SEC::zen-4/+*) were mated with the *nT1\[qIs51\]* balancer to facilitate SEC removal. The L1/L2 larvae of balanced roller worms (*gfp-SEC::zen-4/nT1\[qIs51\])* were heat-shocked at 34°C for 4 hr to induce Cre expression and SEC removal. Normal-moving progeny without the *nT1\[qIs51\]* balancer (homozygous *gfp::zen-4*) were selected. Successful SEC excision and correct GFP integration were confirmed by PCR across both sides of the GFP insertion.

RNA interference {#s4-2}
----------------

Single-stranded RNAs (ssRNAs) were synthesized in 50 µL T3 and T7 reactions (MEGAscript, Invitrogen, Carlsbad, CA) using cleaned DNA templates generated by PCR from N2 genomic DNA or cDNA using oligonucleotides containing T3 or T7 promoters ([Table 2](#table2){ref-type="table"}). Reactions were cleaned using the MEGAclear kit (Invitrogen, Carlsbad, CA), and the 50 µL T3 and T7 reactions were mixed with 50 µL of 3x soaking buffer (32.7 mM Na~2~HPO~4~, 16.5 mM KH~2~PO~4~, 6.3 mM NaCl, 14.1 mM NH~4~Cl) and annealed (68°C for 10 min followed by 37°C for 30 min). L4 hermaphrodites were injected with dsRNA and incubated at 16 or 20°C depending on the experiment. For double or triple depletions, dsRNAs were mixed at equal concentrations (\~2 µg/µl for each dsRNA); a dsRNA targeting *hyls-1*, a gene with no known function in the germline or early embryo, was used as a mixing control. To count number of embryos laid after RNAi-mediated depletion, L4 hermaphrodites were injected with dsRNAs and incubated at 20°C for 24 hr (or as indicated in specific experiments). Worms were singled and allowed to lay embryos at 20°C for 24 hr (or as indicated in specific experiments), adult worms were removed and all embryos and hatchlings were counted. For the imaging experiment in [Figure 5C](#fig5){ref-type="fig"}, the strains used also contain a *cyk-*4-RNAi-resistant transgene encoding CYK-4::GFP::MEI-1 (1--224) that was originally engineered for experiments not presented in this study. L4 hermaphrodites were co-injected with *cyk-4* dsRNA (to deplete endogenous CYK-4) and *gfp* dsRNA (to deplete CYK-4::GFP::MEI-1 (1--224)) and incubated at 20°C for 48 hr before imaging.

Live imaging and photobleaching experiments {#s4-3}
-------------------------------------------

Germline imaging was performed by anesthetizing worms in 1 mg/ml Tricane (ethyl 3-aminobenzoate methanesulfonate salt) and 0.1 mg/ml of tetramisole hydrochloride (TMHC) dissolved in M9 for 15--30 min. Anesthetized worms were transferred to a 2% agarose pad, overlaid with coverslip, and imaged using a spinning disk confocal system (Andor Revolution XD Confocal System; Andor Technology) with a confocal scanner unit (CSU-10; Yokogawa) mounted on an inverted microscope (TE2000-E; Nikon) equipped with a 60×/1.4 Plan-Apochromat objective, solid-state 100 mW lasers, and an electron multiplication back-thinned charge-coupled device camera (iXon; Andor Technology). Germline imaging was performed by acquiring a 40 × 1 µm z-series, with no binning ([Figures 2A--B](#fig2){ref-type="fig"}, [3A, C, E](#fig3){ref-type="fig"}, [4B](#fig4){ref-type="fig"}, [5C--D](#fig5){ref-type="fig"}, [6C--D](#fig6){ref-type="fig"} and [7A](#fig7){ref-type="fig"}, and [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"} and [Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}), or with 2 × 2 binning ([Figure 6B](#fig6){ref-type="fig"}). For [Figure 1B](#fig1){ref-type="fig"} a 61 × 0.5 µm (L1--L4 germlines) or 81 × 0.5 µm z-series (adult germlines), for [Figure 3D](#fig3){ref-type="fig"} a 129 × 0.25 µm z-series, for [Figure 3G](#fig3){ref-type="fig"} a 200 × 0.2 µm z-series, and for [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} an 80 × 0.5 µm z-series, all with no binning, were collected.

For the rachis bridge diameter measurement in [Figure 1C](#fig1){ref-type="fig"}, young adult germlines were imaged by acquiring a 129 × 0.25 µm z-series with no binning, then cross sections were used to measure the length of the CYK-4::mNeonGreen signal across the widest opening of each rachis bridge. For the rachis bridge diameter measurement in [Figure 4---figure supplement 2](#fig4s2){ref-type="fig"}, adult germlines were imaged by acquiring a 40 × 1 µm z-series with no binning, then cross sections were used to measure the length of the GFP::PH signal across the widest opening of each rachis bridge.

The photobleaching experiments in [Figure 6A](#fig6){ref-type="fig"} (CYK-4::mNeonGreen and mCherry::PH) and [Figure 7B](#fig7){ref-type="fig"} (GFP::RGA-3 and mCherry::PH) were performed on a Zeiss LSM 880 confocal microscope using a 63×/1.4 oil Plan-Apochromat objective. Single z-plane images were acquired at 30 s intervals. After acquisition of the first two cycles of images, a region covering the germline rachis was photobleached, followed by acquisition of at least 12 more cycles.

Construction of worm trap microfluidic devices {#s4-4}
----------------------------------------------

The worm trap microfluidic device ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}) is assembled out of a 7-mm-thick polydimethylsiloxane (PDMS) chip with microchannels engraved on its surface and a 35 × 50 mm \#1.5 microscope coverslip, which seals the microchannels. The microchannels of the device are of three different depths, 10, 50, and 750 µm. PDMS chips were cast out of a 50/50 mixture of Sylgard 184 (Dow-Corning) and XP-592 (Silicones Inc.) silicone pre-polymers, each of which was a 10:1 mixture of the base and cross-linker components of the respective silicone material. The master mold used to cast the chips was a 5-inch silicon wafer with a photolithographically fabricated microstructure with 10, 50, and 750 µm tall features made of UV-cross-linked photoresists of the SU8 family (MicroChem, Newton, MA). To fabricate the master mold, the wafer was spin-coated with SU8 2005 to a thickness of 10 µm, baked and exposed to UV light through a photomask. After that, the wafer was spin-coated with SU8 2015 to a cumulative thickness of 50 µm, exposed through another photomask, and baked. Finally, the wafer was spin-coated with SU8 2150 to a cumulative thickness of 750 µm, exposed through a third photomask, baked, and developed.

To facilitate the immobilization of worms in the imaging chambers, the surfaces of both PDMS (ceiling of the imaging chambers) and glass coverslip (floor of the imaging chambers) were roughened by coating them with 0.2 µm polystyrene beads, which were covalently attached to the surfaces using carboxyl-amine chemistry. (The size of the beads was too small to cause substantial scattering of light, making the beads practically invisible under a microscope.) To this end, the surfaces of both the coverslip and PDMS chip were oxidized by exposing them for 10 s to oxygen plasma (using a PlasmaPreen II plasma treater by Plastmatic Systems Inc.) and immediately treated with a solution aminopropyltrimethoxysilane (4% in EtOH) and then incubated under this solution for 5 min at room temperature (in a fume hood). As a result of this treatment, the glass and PDMS surfaces were coated with amine groups. The coverslip and PDMS chip were rinsed with ethanol, dried with filtered compressed air, and then incubated for 30 min at room temperature under a 0.01% suspension of 0.20 µm carboxylated polystyrene beads (Polybead Carboxylate Microspheres, from Polysciences) in a 20 mM solution of HEPES, pH 8, containing 0.01% EDC \[1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; to promote the reaction between carboxyl groups on the beads and amine groups on the surface of glass or PDMS\]. The coverslip and PDMS chip were then rinsed with water and dried.

Experiments in worm trap microfluidic device {#s4-5}
--------------------------------------------

To load *cyk-4* mutant animals (OD239 (*cyk-4 (or749ts)*) and OD241 (*cyk-4(t1689ts)*)) into the worm trap device, the PDMS chip was placed with its microchannels facing up, and a 1 ul droplet of media (0.5xPBS + 1:10 dilution of HB101 overnight culture) was dispensed onto the chip near the center of each of the three 50 µm deep, 3.7 × 3 mm rectangular imaging chambers on the chip surface (the drops remained separate because of hydrophobicity of PDMS). One or more young adult worms were carefully transferred into each drop using a platinum pick. The chip was inverted, and the engraved bottom side was brought in contact with the coverslip; this turned the microgrooves into sealed microchannels and the drop medium filled these microchannels. To hold the chip and coverslip together, a deep O-shaped channel, which surrounded the liquid-filled microchannels of the device and served as a vacuum cup, was connected to a regulated source of vacuum that was set at a low level of −5 kPa in the gauge pressure (low vacuum). The application of vacuum resulted in a partial collapse of the imaging chambers, reducing their depth to \~45 µm, which did not prevent worms from moving freely and feeding. To trap worms for high-resolution imaging, the adjustable vacuum level was dialed up to −25 kPa (high vacuum), causing a major reduction of the imaging chamber depths and immediate immobilization of worms in the chambers. If immobilized worms were poorly positioned, the vacuum was dialed back to low, allowing worms to move, and then to high again, re-trapping worms for imaging. The immobilization was most effective away from the edges of the imaging chambers. Imaging was performed on a spinning disk confocal microscope (Andor Revolution XD Confocal System; Andor Technology) as described above. A stack of 40 images with a 1 µm step along the Z-axis was collected. After imaging was completed, the vacuum was switched from high to low, allowing worms to move, feed, and recover until next imaging timepoint.

Initial stacks of confocal images in the temperature shift experiments were acquired immediately after the device was assembled, without perfusion of a bacterial culture through the device. At temperature shift, the device inlet was connected through a tubing line to a reservoir with bacterial culture (which was immersed in a 38°C water bath), the device outlet was connected to a reservoir with plain medium, and a continuous perfusion of bacterial culture through the imaging chambers was initiated by setting a constant positive differential pressure between the inlet and outlet (by lifting the inlet reservoir above the outlet reservoir). In preparation for temperature shift to 25°C, a warm air blower was positioned adjacent to the stage, with its air flow directed toward the worm trap device and the tubing line connected to the device inlet. A temperature probe was affixed to the stage adjacent to the device to monitor the temperature throughout the course of the experiment; the blower was manually adjusted to maintain air temperature on the stage at 25.5--26.5°C during the course of the experiment.

Prior to trapping and imaging at the initial restrictive time point, worms were exposed to the restrictive temperature for \~45 min. Subsequently, worms were trapped and imaged every 45--60 min over a period of 5 hr. For most experiments, two worm trap devices were used in parallel to enable side-by-side analysis of the two *cyk-4* mutants (*t1689ts,* and *or749ts*). Each device was operated independently of the other with respect to both perfusion and the application of vacuum. (Two separate vacuum regulators set at −5 and −25 kPa made it possible to independently apply either low or high vacuum to either device.) Thus, initial perfusion, trapping and imaging was offset by 20--30 min and subsequent imaging alternated between each of the two traps every 20--30 min during the time course. Three independent experiments were performed for each strain (n = 7 for *cyk-4(t1689ts),* and n = 9 for *cyk-4(or749ts)*).

Image analysis {#s4-6}
--------------

All images were processed, scaled, and analyzed using ImageJ (National Institutes of Health) or MetaMorph software (Molecular Devices).

Western blotting {#s4-7}
----------------

To reduce the contamination with *E. coli* (which the worms eat), 45 worms from each of the indicated conditions were transferred onto a medium plate with no food and the plate was flooded with 4 ml of M9. After 1 hr, when the *E. coli* have largely been flushed out of the worms' digestive tracts, the worms were transferred into a tube containing 500 µl of M9 in a screw-cap 1.5 ml tube, 0.5 ml of M9 + 0.1% Triton X-100 was added, and worms were pelleted by centrifuging at 400 x g for 1--2 min. Buffer was removed leaving behind 50 µl and worms were washed and pelleted three more times in 1 ml of M9 + 0.1% Triton X-100. After the last wash, buffer was removed leaving behind 30 μl and 10 µl of 4X sample buffer was added. Samples were placed in a sonicating water bath at 70°C for 10 min, boiled in a 95°C heating block for 5 min, and sonicated again for 10 min at 70°C before freezing. Samples were thawed and separated by SDS-PAGE. After transferring the separated protein bands to a nitrocellulose membrane, the blot was cut into two parts at \~70 kDa. The above-70-kDa blot was probed using 1 µg/ml of rabbit anti-CYK-4 (aa 131--345), which was detected using an HRP-conjugated secondary antibody (1:10,000; GE Healthcare Life Sciences) and WesternBright Sirius detection system (Advansta). The below-70-kDa blot was probed for α-tubulin using the monoclonal DM1α antibody (1:500; Sigma-Aldrich), and then visualized by Western Blue Stabilized Substrate for Alkaline Phosphatase (1:2000; Promega). Antibodies against CYK-4 were generated by injecting a purified GST fusion with CYK-4 aa 131--345 into rabbits (Covance). Antibodies were purified from serum using standard procedures ([@bib25]) on a 1 ml NHS HiTrap column (GE Healthcare Life Sciences) containing an immobilized MBP fusion with the same region of CYK-4.

Positional correlative anatomy EM {#s4-8}
---------------------------------

Samples were high-pressure frozen followed by freeze-substitution as described previously ([@bib31]) and flat embedded, targeted and sectioned using the positional correlation and tight trimming approach ([@bib32]). For ultramicrotome sectioning, a Leica UC7 microtome was used. 100 nm sections were collected on the slot-formvar coated grids and observed using a JEOL JEM 1400 TEM microscope (JEOL, Japan). Samples were aligned and rendered using the ImageJ and IMOD programs.
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In discussions, both referees felt that the required effort to address the raised concerns would take over two months and therefore we will be unable to consider the manuscript further presently, as per *eLife* revision policy.

However, if you are able to provide further molecular insight into the role of *cyk4* in cellularization in the germline, based on experiments suggested by the referees, we will be willing consider a reworked manuscript as a new submission. I will send it back to the same referees, in this case. The experiments largely are aimed to address the relationship between Rho-GTPase and Cyk4 and to identify the execution point of Cyk4 in cellularization.

The detailed comments of Reviewer \#1 and 2 are pasted below.

*Reviewer \#1:*

The main finding of the paper is that CYK-4 is required for oocyte cellularization in *C. elegans*. CYK-4 function in this process appears to be independent of ZEN-4. Furthermore, the authors identified two domains in the C-terminus of CYK-4, its C1and GAP domains, which are required for its localization to the rachis surface and its function in cellularization. Finally, they show that CYK-4 contributes to the level of active RhoA (deduced by RGA-3 levels) at the rachis bridge.

The question of how oocytes are cellularized in a syncytial germline is of great interest. This paper identifies CYK-4 as an important player, but it falls short on explaining the molecular mechanism through which CYK-4 acts. The claim that ZEN-4 is not involved is curious, but doesn\'t contribute to our understanding of the process at hand. The potential involvement of RhoA provides a hint of mechanistic insight. However, this angle is not explored deeply and is not substantiated, as explained in the following comments:

1\) How is the localization of CYK-4 affected by partial Rho-1 depletion? The authors claim that they couldn\'t examine CYK-4 localization in Rho-1 RNAi because the gonad was severely disrupted. However, in Figure 5D middle panel they show a partial RHO-1 depletion that shows absence of RGA-3 from the rachis bridge. Where is CYK-4 in this case?

2\) The authors claim a feedback loop in which RHO-1 recruits CYK-4 and CYK-4 increases RHO-1 activity. Is it active RHO-1 that is required for the recruitment of CYK-4? Instead of depleting RHO-1 the authors could deplete the RhoGEF that activates RHO-1 and see if this affects CYK-4 recruitment.

3\) How does CYK-4, which is a RhoGAP, contribute toward the activation of RHO-1? If the authors envision a mechanism analogous to what the Glotzer lab showed for cytokinesis, then defects resulting from loss of CYK-4 should be rescued by activating mutations in ECT-2 or depletion of RGA-3/4.

4\) Is the activation of RHO-1 by CYK-4 at the rachis essential for cellularization? How exactly does CYK-4 contribute to cellularization?

In addition, the paper\'s claim that ZEN-4 has no apparent function in the germline suffers from the following caveats:

1\) A previous study has shown that same allele of ZEN-4 *zen-4(or153ts)* had severe defects in the germline with multinucleated germ cells (Zhou et al., 2013). The authors should address the discrepancy between their negative findings and the published germline defects.

2\) The authors argue that ZEN-4 is not required for compartment bridge closure in the germline because they did not observe any microtubule bundles passing through the compartment bridges in the pachytene, loop, or oocyte cellularization regions of the germline. However, I do see some filament-like structures in their figures, despite the low resolution. Moreover, a previous study (Wolke et al., 2007) has shown with an α-tubulin staining the presence of microtubules running from the rachis into the growing oocytes.

*Reviewer \#2:*

In this manuscript, the authors examined the role of centralspindlin in the intercellular bridges of the *C. elegans* syncytial germ line. Although both subunits of centralspindlin localize to the intercellular bridges between germ cells and the rachis (or rachis surface more broadly?), ZEN-4 was dispensable for oocyte formation and only CYK-4 was required. By comparing the phenotypes of various *cyk-4* and *zen-4* mutants defective for the interaction between them and for the functions of CYK-4 C1 and GAP domains, they concluded that the C1 and GAP domains are important for oocyte cellularization, CYK-4 recruitment to the rachis surface and enrichment of active RhoA. Most of the experiments were carefully designed and performed. However, it remains unclear how CYK-4 contributes to the maintenance of germline structure and cellularization of oocytes as detailed below. In addition, some of the summaries of previous works are imprecise.

1\) Localization of CYK-4

Although the localization pattern of CYK-4 in the gonad is described \"to bridges\" in the Abstract, \"rachis surface\" is used in most places in the main text. Actually, CYK-4::mNeonGreen seems to be enriched at the peripheries of the ring-like openings (Figure 1B and Figure 1---figure supplement 3). Discrimination between flat localization on the rachis surface (plasma membrane or cell cortex) and accumulation at the edges of the ring-like openings is important. For example, in the images presented in Figure 2D, accumulation at the ring-like openings seems to be weaker in *zen-4(RNAi)* than in the control. When CYK-4 localization is examined, images comparable to those in Figure 1---figure supplement 3 should be presented.

2\) Compartmentalization and incomplete cytokinesis

In contrast to the formation of the intercellular connection between the primordial germ cells (Z2 and Z3), it is not clear whether and how compartmentalization of the newly generated gem cells is coupled with mitosis. Is the compartmentalization at the distal tip of adult gonad also incomplete cytokinesis?

3\) Point of CYK-4 function during oogenesis

Although the authors emphasize the role of CYK-4 in the intercellular bridge closure, this is not very strongly supported by the data presented. After compartmentalization at the distal tip, the openings of the bridge have to be stably maintained for a long time until the nucleus reaches the proximal tip and completes cellularization. Although the authors performed longitudinal live observation of the temperature-sensitive *cyk-4* mutants in Figure 3, interpretation of the result is not straight-forward. First, even at time 0 of temperature upshift, the gonad of the *cyk-4(or769)* mutant looks different from that of the wild-type. Widening of the bridge openings is observed at the transition zone between pachytene and loop regions. In the mutant adult gonad in Figure 1D, multinucleation is observed in the distal cells. These suggest that CYK-4 plays a role in maintenance of the circular openings of the compartment bridges. To clearly discriminate oocyte cellularization from the maintenance of the bridges, normal maintenance of the bridge diameter until the moment of cellularization need to be confirmed by more detailed analyses such as Figure 1---figure supplement 3.

4\) Mechanism of CYK-4 recruitment to the rachis surface

The model in Figure 6 implies the role of interaction with RHO-1 for the recruitment of CYK-4 to the rachis surface. Moreover, a positive feedback loop is mentioned (subsection "Active RhoA localizes to the rachis surface and collaborates with CYK-4 to maintain germline structure", last paragraph). However, the effect of RHO-1 depletion on CYK-4 localization was not shown. Although the authors claim that penetrant *rho-1(RNAi)* disrupts the rachis surface, partial *rho-1(RNAi)* equivalent to Figure 5D should be possible. Alternatively, acute inhibition of RHO-1 can be achieved by injection of C3 enzyme?

It is counter-intuitive that a GAP promotes GTP-form of RHO-1. However, activation of RHO-1 by CYK-4 through positive regulation of ECT-2 GEF has been reported in the context of embryonic cytokinesis (Zhang and Glotzer 2015). Does ECT-2 play a role also in the gonadal function of CYK-4?

5\) Functionality the FP-tagged *cyk-4* transgenes

Although this is not crucial for the authors\' conclusion, both the *cyk-4::mNG* and *cyk-4::mCh* strains showed 6 and 11% embryonic lethality after *cyk-4(RNAi)* treatment. Is this because these transgenes are not 100% functional or because RNAi-resistance is not perfect? Or, does dsRNA injection affect the quality of the embryos? Has a transgene without FP-tagging been tried?

6\) Worm trap microfluidic chip

The shapes of the devices in Figure 3 and Figure 3---figure supplement 1 look different. The outline of the device should be illustrated in the supplement.

7\) Introduction, fourth paragraph

Although Plk1-phosphorylation sites reside in the N-terminal half of human Cyk4/MgcRacGAP1, they are not at the N-terminus of Cyk4. They are in the linker between the coiled coil and the C1 domain.

8\) \"During this transition, centralspindlin is released from microtubules and concentrates in the midbody ring (Elia, Sougrat, Spurlin, Hurley, and Lippincott-Schwartz, 2011; Green et al., 2013; Hu, Coughlin, and Mitchison, 2012)\".

This is incorrect. GFP-MKLP1 appears as a disk at the midbodies (Elia 2011 and Hu 2012). The ring-like appearance of centralspindlin by immunofluorescence is known to be an artifact due to the poor accessibility of the antibodies into the central core of the midbody matrix. Although Hu 2012 described the IF image of MKLP1 as \"centralspindlin remained at the center and appeared as a single ring in some images\" (Hu 2012, Figure 1C), side by side comparison of GFP fusion and IF staining clearly demonstrated that GFP-MKLP1 filled the dark zone detected by IF (Hu 2012, Figure 2D). Furthermore, based on the super-resolution observation of GFP-MKLP1 by structured illumination, Elia 2011 explicitly describes it as \"disk-like distribution\". No single image of a clear ring-like midbody localization of centralspindlin is found in Green 2013. Finally, immuno-EM with an anti-MKLP1 antibody also supports the disk-like localization (Elad et al., (2010). Microtubule organization in the final stages of cytokinesis as revealed by cryo-electron tomography. J Cell Sci 124, 207-215). While it is possible to speculate that there might be a short time window in which centralspindlin is relocalized from a disk to a ring, no convincing data such as time-lapse super-resolution observation have been published.

\[Editors' note: what now follows is the decision letter after the authors submitted for further consideration.\]

Thank you for resubmitting your work entitled \"CYK-4 functions independently of its centralspindlin partner ZEN-4 to cellularize oocytes in germline syncytia\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Anna Akhmanova (Senior Editor), a Reviewing Editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

There is one piece of data that both referees would like included, since this was a question that arose during the original reviews and has been raised again. This has to do with the how *cyk-4* activates *rho-1* and what role does *ect-2* play in this, and seems like you already have this piece of data. My suggestion would be to include data that suggests that the mechanism is different from the Glotzer lab mechanism. You can then publish the exact mechanism in a later study.

Other points that I would like you to consider and provide explanations and/or alter text accordingly.

1\) Possible role of CYK-4 in the establishment/maintenance of the channels that are narrow enough

I appreciate that the authors examined the influence of the *cyk-4* GAP mutant on the diameter of the rachis bridges (Figure 4---figure supplement 2). Their data indicate that the bridges are open more widely in the *cyk-4* mutant. This raises a possibility that the failure of cellularization could be an indirect consequence of a failure in establishment or maintenance of the channels to be narrow enough for successful cellularization. For example, one can imagine a scenario that cellarization itself is achieved without CYK-4 but can\'t work if the opening is too wide.

2\) Ring-like localization of centralspindlin in mammalian cells

The point in the previous comment was that the ring-like localization of centralspindlin in mammalian cultured cells has not been established. The arguments in the rebuttal are completely out of focus. In Hu 2012, the ring-like pattern was shown only by IF but not by live GFP-MKLP1 imaging. In Elia 2011, which employed super-resolution microscopy, the localization of MKLP1 was explicitly described as \"disk-like\". Immuno-EM in Elad 2010, which has been neglected by the authors, confirmed uniform localization of MKLP1 epitopes across the midbody. In their rebuttal, the authors didn\'t argue against these points. Nonetheless, in the current manuscript they still describe \"These results suggest that ZEN-4 can target to the intercellular bridge independently of midbody microtubules, which is reminiscent of work in cultured human cells describing localization of centralspindlin to a ring-like structure during the late stages of cytokinesis (Elia et al., 2011; Hu et al., 2012).\" The clause, \"which is reminiscent...\" should be removed since this is imprecise and misleading.

This is the point that requires some experimental data.

3\) How does CYK-4, which is a RhoGAP, contribute toward the activation of RHO-1? If the authors envision a mechanism analogous to what the Glotzer lab showed for cytokinesis, then defects resulting from loss of CYK-4 should be rescued by activating mutations in ECT-2 or depletion of RGA-3/4.\"

In response to point 3, raised in the original manuscript, the authors provided in their reply to reviewers a detailed explanation for the mechanism they propose for RHO-1 activation by CYK-4, which, importantly, is distinct from the mechanism proposed by the Glotzer lab. The evidence for their proposed mechanism is \"In ongoing work from our group that will be the basis for another publication\". Importantly, they did not add to the manuscript any new data regarding this point. Only in the Discussion they added the following sentence: \"We suspect that the role of CYK-4 in generating active RhoA is mediated by the region between its coiled-coil and C1 domains that work in human cells has previously implicated in binding to the Ect2 GEF (Burkard et al., 2009; Wolfe et al., 2009).\"

10.7554/eLife.36919.039

Author response

\[Editors' note: the author responses to the first round of peer review follow.\]

> Reviewer \#1:
>
> The main finding of the paper is that CYK-4 is required for oocyte cellularization in C. elegans. CYK-4 function in this process appears to be independent of ZEN-4. Furthermore, the authors identified two domains in the C-terminus of CYK-4, its C1and GAP domains, which are required for its localization to the rachis surface and its function in cellularization. Finally, they show that CYK-4 contributes to the level of active RhoA (deduced by RGA-3 levels) at the rachis bridge.
>
> The question of how oocytes are cellularized in a syncytial germline is of great interest. This paper identifies CYK-4 as an important player, but it falls short on explaining the molecular mechanism through which CYK-4 acts. The claim that ZEN-4 is not involved is curious, but doesn\'t contribute to our understanding of the process at hand. The potential involvement of RhoA provides a hint of mechanistic insight. However, this angle is not explored deeply and is not substantiated, as explained in the following comments:
>
> 1\) How is the localization of CYK-4 affected by partial Rho-1 depletion? The authors claim that they couldn\'t examine CYK-4 localization in Rho-1 RNAi because the gonad was severely disrupted. However, in Figure 5D middle panel they show a partial RHO-1 depletion that shows absence of RGA-3 from the rachis bridge. Where is CYK-4 in this case?
>
> 2\) The authors claim a feedback loop in which RHO-1 recruits CYK-4 and CYK-4 increases RHO-1 activity. Is it active RHO-1 that is required for the recruitment of CYK-4? Instead of depleting RHO-1 the authors could deplete the RhoGEF that activates RHO-1 and see if this affects CYK-4 recruitment.

In our original manuscript, we showed that the Rho GTPase binding interface of the CYK-4 GAP domain is required for CYK4 to localize to the rachis surface and rachis bridges. We show that the Rho GTPase binding interface does not promote CYK-4 localization by binding to Rac or Cdc42. However, RhoA inhibition leads to a phenotype comparable to CYK-4 inhibition, suggesting that an interaction with RhoA could be required to recruit CYK-4 to the rachis surface/bridges. To understand how the Rho GTPase binding interface of the CYK-4 GAP domain contributes to CYK-4 targeting, we began by performing a photobleaching experiment to characterize CYK-4 dynamics (new panel added as Figure 6A in the revision) to determine if the CYK-4-containing structure that lines the rachis and rachis bridges is rapidly turning over. We photobleached CYK-4::mNeonGreen in a section of the rachis in the pachytene region and imaged over a 5-minute interval following the bleach. No recovery of the CYK-4::mNeonGreen was observed over this interval, suggesting that once it has been built, the CYK-4 containing structure that lines the rachis surface/bridges turns over relatively slowly.

As the reviewers highlight, localization of CYK-4 to the rachis surface and rachis bridges cannot be analyzed when RhoA^RHO-1^ or ECT-2 are fully depleted because the rachis surface/bridges are lost. We therefore performed the reviewer-suggested experiments and analyzed the amount of CYK-4 on the rachis surface in worms partially depleted of RhoA^RHO-1^ or ECT-2 (new panels added as Figure 6D in the revision). Given that the CYK-4-containing structure that lines the rachis and rachis bridges seems to be fairly stable, we expect that CYK-4 might not be completely lost under these conditions. For the experiment, worms expressing CYK-4::mNeonGreen along with an mCherry tagged plasma membrane probe were injected with dsRNA targeting RhoA^RHO-1^ or ECT-2 at the L4 stage, and their germlines were imaged 20 hours later, prior to the point when the rachis surface/bridges have completely disintegrated. This experiment revealed that CYK4 levels on the rachis surface/bridges were qualitatively reduced by both perturbations, consistent with the idea that the Rho GTPase binding interface of the CYK-4 GAP domain promotes CYK-4 localization by binding to active RhoA^RHO-1^. We note that this experiment does not distinguish between the reduction in CYK-4 levels occurring because an interaction between the CYK-4 GAP domain and RhoA^RHO-1^ is required for the initial localization of CYK-4 or for its stable maintenance. We also cannot formally rule out the possibility that the Rho GTPase binding interface of the CYK-4 GAP domain is required for CYK-4 deposition via an interaction with an as yet uncharacterized protein, and the reduction in CYK-4 levels when RhoA^RHO-1^ is depleted is an indirect consequence of the fact that RhoA^RHO-1^ depletion compromises the structure of the rachis lining/bridges. However, we think this last possibility is unlikely since the set of proteins required for germline function has been comprehensively characterized (Green et al., 2011) and did not yield an unexpected candidate whose inhibition results in phenotype analogous to the one observed following CYK-4, ECT-2 or RhoA^RHO-1^ depletion.

> 3\) How does CYK-4, which is a RhoGAP, contribute toward the activation of RHO-1? If the authors envision a mechanism analogous to what the Glotzer lab showed for cytokinesis, then defects resulting from loss of CYK-4 should be rescued by activating mutations in ECT-2 or depletion of RGA-3/4.
>
> 4\) Is the activation of RHO-1 by CYK-4 at the rachis essential for cellularization? How exactly does CYK-4 contribute to cellularization?

Collectively, the reviewers ask for more information about the proposed contribution of CYK-4 to RhoA activation, and whether we envision a mechanism analogous to the model proposed by the Glotzer lab. The mechanism we propose is distinct from the mechanism proposed by the Glotzer group. Prior work in human cells identified a region in the N-terminal half of the human homolog of CYK-4 between the coiled-coil and the C1 domain that interacts with the RhoA GEF Ect2 when it is phosphorylated by Plk1. Thus, we think that the C1 and GAP domains at the CYK-4 C-terminus collaborate to recruit CYK-4 to the rachis surface/bridges, and, once there, CYK-4 interacts with and activates ECT-2 via the domain in its N-terminal half. In our model, CYK-4 requires active RhoA to be incorporated into the structure that lines the rachis surface/bridges and is, in turn, required to activate RhoA at this location (which would represent a positive feedback loop).

Based on their work in the embryo, the Glotzer lab found that mutations in the Rho GTPase-binding interface of the GAP domain reduced RhoA activation during cytokinesis (PMID: 26252513). Our work would suggest that this is likely to be due to a reduction in the ability of the CYK-4 to localize to the plasma membrane. Since the Glotzer lab did not realize that the GAP domain could have a role in targeting CYK-4 to the plasma membrane, they explain the reduction in RhoA activation in the Rho GTPase binding interface mutants by proposing that the GAP domain interacts directly with the GEF domain to activate it in a fashion that depends on the ability of the GAP domain to bind RhoA (see model in Figure 7E of their paper, PMID: 26252513). To support this idea, they show a pull down assay in a supplemental panel to show that the CYK-4 GAP domain can interact with the GEF domain (PMID: 26252513, Figure 7---figure supplement 1). They also attempted in vitro assays, but were unable to show that the GAP domain is able activate ECT-2 in vitro.

In summary, both studies suggest that CYK-4 is important for RhoA activation and that the Rho GTPase binding interface of the CYK-4 GAP domain contributes to this function. Where our models differ is in how we propose that the Rho binding interface contributes to RhoA activation. Our work in the germline suggests that the GAP domain is required to recruit CYK-4 to the plasma membrane. The Glotzer lab proposes that the GAP domain interacts with the ECT-2 GEF domain in a RhoA-dependent fashion to activate it.

The reviewer is correct in saying that the Glotzer lab showed that during cytokinesis, inhibition of RGA-3 and RGA-4, which are the main GAPs that oppose RhoA activation in the germline and early embryo, is able to rescue the furrowing defects resulting from mutations in the Rho GTPase binding interface of the GAP domain (PMID: 26252513). The rescue was quite reasonable for the R459A mutant, which presumably disrupts the interface less than their EE mutant (analogous to our AAE mutant), which was only very poorly rescued. This suggests that the Rho GTPase interface mutants (particularly the R459A mutant) retain some ability to activate RhoA during cytokinesis and this can be rendered sufficient for furrowing by removal of the main negative regulators that suppress RhoA activation. To address the reviewer's question of whether this is also true in the germline, we tested whether RGA-3/4 depletion could rescue the effect of the R459A mutation on embryo production (included as new Figure 7C). Our results indicate that in the germline, RGA-3/4 depletion cannot rescue the effect of the R459A mutation on embryo production, consistent with our observation that the R459A mutant protein fails to localize to the rachis surface and is therefore unlikely to retain function.

The comparison of our data with the Glotzer data suggests that, in the embryo, the R459A mutant of CYK-4 may maintain some ability to localize and this can be made sufficient for furrowing by depleting the RGA-3/4 RhoGAP, but this is not true in the germline.

> In addition, the paper\'s claim that ZEN-4 has no apparent function in the germline suffers from the following caveats:
>
> 1\) A previous study has shown that same allele of ZEN-4 zen-4(or153ts) had severe defects in the germline with multinucleated germ cells (Zhou et al., 2013). The authors should address the discrepancy between their negative findings and the published germline defects.

We have now included an additional supplemental figure (new Figure 3---figure supplement 1) and a paragraph to the Discussion that enable a clear comparison between our results and the prior work. This section highlights the points where the two studies agree and also a key point, identified by the Reviewer, where our findings contradict a conclusion made in the prior work.

In our paper, we perform a careful analysis of germline structure and embryo production following RNAi-mediated depletion of CYK-4 and ZEN-4 beginning at the L4 stage as well as following upshift of fast-acting temperature sensitive mutants at the L4 stage. All of our results support the conclusion that CYK-4 plays a critical role in germline structure and embryo production in the adult, whereas ZEN-4 is not essential. As noted by the reviewer, this is in contrast to a prior analysis of fixed extruded germlines after a similar upshift, in which the authors suggested that *cyk-4(t1689ts*) and *zen-4(or153ts*) germlines exhibit a similar phenotype (Zhou et al., 2013).

A direct comparison is difficult because the prior report was not specific about the nature of the defects in the upshifted *cyk-4(or749ts)* versus *zen-4(or153ts)* mutant germlines, and the phenotypes were not quantified. The Zhou et al. paper showed a single image of germlines from each mutant. Notably, while they report a defect in the proximal germline of *cyk-4(or749ts)* that resembles the defect we analyzed in depth in our manuscript, no image of a comparable defect was shown or reported for *zen-4(or153ts).* Instead, in the image in their figure, they highlight small patches of multinucleated compartments in the pachytene region of germlines from the two mutants following a 12-hour upshift at the adult stage (exactly how old the adults were is also unclear). In our live imaging-based analysis of adult worms upshifted for 28 hours beginning at the L4 stage, we have observed rare bi-nucleate compartments in the pachytene region in the *zen-4(or153ts)* strain (especially in older worms). However, these bi-nucleation events appear to be culled through apoptosis at the loop region of the germline, as we have never observed bi-nucleation in oocytes. In contrast to this infrequently observed subtle phenotype in germlines from the upshifted *zen-4(or153ts)* strain, germlines of upshifted *cyk-4(or749ts)* mutant worms exhibit a dramatic loss of partitions in the proximal region of the germline. Our analysis of embryo production confirms the difference in phenotype: upshifted *zen-4(or153ts)* worms continue to produce embryos (Figure 3Fin the revision) whereas upshifted *cyk-4(or749ts)* worms are completely sterile (Figure 2B in the revision). The Zhou et al. manuscript did not analyze embryo production following temperature upshift.

Another complication in the Zhou et al. paper is that they do two very different types of perturbation, feeding beginning at the L1 stage, which has the potential to disrupt germline development, and a temperature upshift in the adult, which would test for a specific role in embryo production. They claim that both perturbations lead to similar effects in both mutants, which our analysis indicates is not the case. To clarify the roles of the CYK-4 Cterminal C1-GAP module and the interaction between the CYK-4 and ZEN-4 dimers (centralspindlin assembly) during germline development versus during embryo production in the adult, we now report the results of two types of upshift experiments for all three mutants (expanded Figure 2, new Figure 3---figure supplement 1). To assess the effect of each temperature-sensitive mutation on worm and germline development, we monitored the effect of upshifting the worms between the L1 and L4 stages. To monitor the effect on oocyte cellularization, we assessed the effect of upshifting the mutants between the L4 and adult stages. All three mutants have been shown to be fast acting (\<90s). Prior work on the mutant that perturbs the C-terminal C1-GAP module of CYK-4 (*cyk-4(or749ts)*) has shown that it retains the ability to interact with ZEN-4 and to support midzone assembly but is unable to promote contractile ring assembly (PMID: 19056985) and fails to localize to the rachis surface/bridges in the germline (PMID: 26252513). Despite the penetrant effect of this mutant on cortical remodeling during embryonic cytokinesis, both worm growth and the germlines in L1-upshifted *cyk-4(or749ts)* animals appear normal at the L4 stage; if these worms are shifted back to the permissive temperature at the L4 stage, they lay a comparable number of embryos to controls (Figure 2A in the revision). To assess the effect of the *cyk-4(or749ts)* mutation the adult, we performed the converse experiment growing the worms to the L4 stage at the permissive temperature and then shifting them to the non-permissive temperature. Under this regime, germline structure is strongly perturbed compared to equivalently treated control worms. All of the partitions in the loop and oocyte cellularization regions are absent and the proximal region of the germline has the appearance of a hollow multinucleated tube (Figure 2B in the revision). These results indicate that the Cterminal C1-GAP module of CYK-4 is important for germline morphology and function after the transition to oocyte production in the adult but is not required for worm or germline development between the L1 and L4 larval stages.

We conducted a comparable analysis for the two fast-acting temperature-sensitive mutants that disrupt the interaction between the CYK-4 and ZEN-4 dimers (the *cyk-4(t1689ts*) and *zen-4(or153ts*) centralspindlin assembly mutants). As we described in our original manuscript, if these mutants are upshifted at the L4 stage, germline structure appears normal and the worms produce embryos (presented in Figure 3E, F in the revision). Interestingly, upshifting the centralspindlin assembly mutants between the L1 and L4 stage leads to a global growth defect that results in worms that are significantly smaller than control or *cyk-4(or749ts)* worms subjected to the same protocol (now shown in new Figure 3---figure supplement 1A). Even after downshifting temperature for 24 hours, these worms remained significantly smaller than comparably treated control or *cyk-4(or749ts)* worms. The germlines in these centralspindlin assembly mutant worms, upshifted between the L1 and L4 stages, were smaller than those in control and *cyk-4(or749ts)* worms, and exhibited apparent "pathfinding" defects (new Figure 3---figure supplement 1B). The aberrant germlines were also not able to produce embryos following temperature downshift (new Figure 3---figure supplement 1C).The global effect on worm growth makes it difficult to interpret germline phenotypes because it is likely that the observed germline defects arise as a secondary consequence of the growth defect. We note that, despite the global inhibition of worm growth, the germlines exhibited compartment proliferation, and multinucleated compartments were not observed, consistent with the idea that an intact centralspindlin complex is not required for compartment proliferation per se. We note that the observation that centralspindlin assembly, but not the C1-GAP module of CYK-4, is important for growth is an unexpected result that will require future work to establish precisely where and how centraslpindlin is acting to promote growth.

In summary, our results indicate that the interaction between CYK-4 and ZEN-4, which is required for midzone assembly during cytokinesis (PMID:10871280; PMID: 11782313; PMID: 11050384), is essential for worm growth/development between the L1 and L4 stages, whereas the C-terminal C1-GAP module of CYK-4 is not. Conversely, the C-terminal CYK-4 C1-GAP module, which is required for contractile ring assembly during cytokinesis (PMID: 19056985; PMID: 22226748; PMID: 25073157; PMID: 26252513), is essential for oocyte production in adult worms, whereas ZEN-4 is not.

> 2\) The authors argue that ZEN-4 is not required for compartment bridge closure in the germline because they did not observe any microtubule bundles passing through the compartment bridges in the pachytene, loop, or oocyte cellularization regions of the germline. However, I do see some filament-like structures in their figures, despite the low resolution. Moreover, a previous study (Wolke et al., 2007) has shown with an α-tubulin staining the presence of microtubules running from the rachis into the growing oocytes.

As the reviewer suggests, microtubules are abundant in the germline and do indeed extend into compartments and oocytes as has been demonstrated in previous papers examining tubulin in live and fixed samples (PMID: 23370148, PMID: 17507392, PMID: 26371552). It was not our intention to imply that microtubules are absent in the rachis bridges. Instead, we were highlighting that fact that organized antiparallel microtubule bundles, akin to the cytokinesis midzone, are not observed running through the rachis bridges. To demonstrate this more clearly in the revision, we have now performed a parallel analysis of embryos depleted of the microtubule bundling protein SPD-1, which is essential for assembly of the anti-parallel microtubule bundles in the midzone array during cytokinesis (PMID: 15458647). We now show that this perturbation does not alter the microtubule organization or germline architecture in the cellularization region of the germline (new panels added to Figure 3G), suggesting that our conclusion that midzone-like microtubules do not pass through the rachis bridges is correct.

> Reviewer \#2:
>
> In this manuscript, the authors examined the role of centralspindlin in the intercellular bridges of the C. elegans syncytial germ line. Although both subunits of centralspindlin localize to the intercellular bridges between germ cells and the rachis (or rachis surface more broadly?), ZEN-4 was dispensable for oocyte formation and only CYK-4 was required. By comparing the phenotypes of various cyk-4 and zen-4 mutants defective for the interaction between them and for the functions of CYK-4 C1 and GAP domains, they concluded that the C1 and GAP domains are important for oocyte cellularization, CYK-4 recruitment to the rachis surface and enrichment of active RhoA. Most of the experiments were carefully designed and performed. However, it remains unclear how CYK-4 contributes to the maintenance of germline structure and cellularization of oocytes as detailed below. In addition, some of the summaries of previous works are imprecise.
>
> 1\) Localization of CYK-4
>
> Although the localization pattern of CYK-4 in the gonad is described \"to bridges\" in the Abstract, \"rachis surface\" is used in most places in the main text. Actually, CYK-4::mNeonGreen seems to be enriched at the peripheries of the ring-like openings (Figure 1B and Figure 1---figure supplement 3). Discrimination between flat localization on the rachis surface (plasma membrane or cell cortex) and accumulation at the edges of the ring-like openings is important. For example, in the images presented in Figure 2D, accumulation at the ring-like openings seems to be weaker in zen-4(RNAi) than in the control. When CYK-4 localization is examined, images comparable to those in Figure 1---figure supplement 3 should be presented.

We now present our data analyzing CYK-4 localization following ZEN-4 depletion in the format requested by the Reviewer (included as new Figure 3D). As we describe in the first section, we think that the rachis itself is a modified intercellular bridge. Hence, the rachis bridges are essentially bridges from the cellular compartments to a bridge. We think that this is why the same set of components accumulate on the surface of the rachis and on the surface of the rachis bridges, and why both the diameter of the rachis and the diameter of the rachis bridges decrease in parallel as oocytes cellularize. It is hard to know whether components are actually more concentrated on the surface of the rachis bridges than they are on the surface of the rachis itself, or whether this is a geometric artifact (i.e. there appears to be more signal around the periphery of the rachis bridges because you are looking down the barrel of the rachis bridges -- essentially projecting the intensity from a short tube onto a plane). To avoid confusion, we now describe the components as localizing to the "rachis surface and rachis bridges" or "rachis surface/bridges" throughout the text. This localization does not dramatically change in the *zen-4(RNAi)* condition.

> 2\) Compartmentalization and incomplete cytokinesis
>
> In contrast to the formation of the intercellular connection between the primordial germ cells (Z2 and Z3), it is not clear whether and how compartmentalization of the newly generated gem cells is coupled with mitosis. Is the compartmentalization at the distal tip of adult gonad also incomplete cytokinesis?

Yes, the compartmentalization at the distal tip of the adult gonad is also incomplete cytokinesis. As we now clarify in the revision, there are two distinct cytokinesis-like processes that contribute to germline development: (1) the incomplete cytokinesis-like events that generate the compartments that remain attached via open bridges to the rachis during development and in the mitotic region at the distal tip of the adult germline (compartment proliferation), and (2) the complete cytokinesis-like events during which the rachis bridges close to cellularize the oocytes and separate them from the germline syncytium in the adult (oocyte cellularization). Our results suggest that CYK-4 is required for oocyte cellularization but not compartment proliferation (for a detailed summary of our mutant analysis and conclusions see response to reviewer 1 (point 5) above. The proliferation of compartments during development and in the distal tip appear to occur via a very similar incomplete cytokinesislike process in which the cup-like structure that houses the nucleus is partitioned in an anaphase-coupled fashion. The complex geometry in the 3-dimensional tissue and the depth of tissue makes live imaging of this event in adults challenging, but not impossible; please refer to Figure 2 of Rehain-Bell et al. 2017, PMID: 28065311, where they have imaged this event from a top view. In these images you can see the formation of a new partition between the separated chromosomes. During this process the new partition bisects the bridge that connected the original compartment to the rachis so that both of the new compartments retain a rachis bridge.

> 3\) Point of CYK-4 function during oogenesis
>
> Although the authors emphasize the role of CYK-4 in the intercellular bridge closure, this is not very strongly supported by the data presented. After compartmentalization at the distal tip, the openings of the bridge have to be stably maintained for a long time until the nucleus reaches the proximal tip and completes cellularization. Although the authors performed longitudinal live observation of the temperature-sensitive cyk-4 mutants in Figure 3, interpretation of the result is not straight-forward. First, even at time 0 of temperature upshift, the gonad of the cyk-4(or769) mutant looks different from that of the wild-type. Widening of the bridge openings is observed at the transition zone between pachytene and loop regions. In the mutant adult gonad in Figure 1D, multinucleation is observed in the distal cells. These suggest that CYK-4 plays a role in maintenance of the circular openings of the compartment bridges. To clearly discriminate oocyte cellularization from the maintenance of the bridges, normal maintenance of the bridge diameter until the moment of cellularization need to be confirmed by more detailed analyses such as Figure 1---figure supplement 3.

Our data indicates that *cyk-4* inhibition does not cause a general defect in rachis bridge stability. Our strongest evidence for this is that after *cyk-4(or749ts)* worms are upshifted for 24 hours from the L1 stage they have a normal germline structure without any multinucleate compartments, which would be expected if rachis bridges were destabilized. If the worms are returned to the permissive temperature at the L4 stage, they also have a normal broodsize (Figure 2A in the revision). Germline structure is only disrupted if the worms are held at the restrictive temperature after the point when oocyte production begins (Figure 2B in the revision). Our longitudinal timelapse analysis further shows that the disruption of germline structure initiates at the proximal end of the germline, when oocytes fail to properly bud off the rachis during oocyte cellularization, and then propagates backwards (Figure 4 in the revision).

These observations do not rule out the possibility that the rachis bridges are wider in the upshifted mutant than in the controls as the reviewer suggests. To determine if this is the case, we performed a new experiment (included as new Figure 4---figure supplement 2) comparing the width of the rachis bridges in the pachytene region in wild-type and *cyk-4(or749ts)* mutant worms held at the permissive or non-permissive temperature for 5-6 hours (timepoint chosen based on our longitudinal temporal analysis now shown in Figure 4). We used the distal-most apoptotic cell (which typically marks the point at which compartment expansion begins) as a reference point and scored the width of the rachis bridges for the compartments in the pachytene region distal to this point, measuring the size of the opening (based on the plasma membrane signal) at its widest point in the z-stack. This analysis revealed that the width of the rachis bridges in the control and *cyk-4(or749ts)* worms are comparable at the permissive temperature (2.5--3 µm; Figure 4---figure supplement 2, compare black and dark green). The width of the rachis bridges increases in both control and *cyk-*4(*or749ts)* worms after a 5.5 to 6-hour upshift to 25°C. As the reviewer suspects, the increase is somewhat larger in *cyk-*4(*or749ts)* worms than in controls (compare grey and light green). What this means is less clear. The increase could result from a mild reduction in rachis contractility; alternatively, it could be an indirect consequence of the disruption of oocyte cellularization, which could change the balance of forces in the system due to frustrated cytoplasmic flow.

> 4\) Mechanism of CYK-4 recruitment to the rachis surface
>
> The model in Figure 6 implies the role of interaction with RHO-1 for the recruitment of CYK-4 to the rachis surface. Moreover, a positive feedback loop is mentioned (subsection "Active RhoA localizes to the rachis surface and collaborates with CYK-4 to maintain germline structure", last paragraph). However, the effect of RHO-1 depletion on CYK-4 localization was not shown. Although the authors claim that penetrant rho-1(RNAi) disrupts the rachis surface, partial rho-1(RNAi) equivalent to Figure 5D should be possible. Alternatively, acute inhibition of RHO-1 can be achieved by injection of C3 enzyme?

See response to reviewer \#1, points 1 and 2.

> It is counter-intuitive that a GAP promotes GTP-form of RHO-1. However, activation of RHO-1 by CYK-4 through positive regulation of ECT-2 GEF has been reported in the context of embryonic cytokinesis (Zhang and Glotzer 2015). Does ECT-2 play a role also in the gonadal function of CYK-4?

See response to reviewer \#1, points 3 and 4.

> 5\) Functionality the FP-tagged cyk-4 transgenes
>
> Although this is not crucial for the authors\' conclusion, both the cyk-4::mNG and cyk-4::mCh strains showed 6 and 11% embryonic lethality after cyk-4(RNAi) treatment. Is this because these transgenes are not 100% functional or because RNAi-resistance is not perfect? Or, does dsRNA injection affect the quality of the embryos? Has a transgene without FP-tagging been tried?

Yes, our experiments analyzing the functions of the C1 and GAP domains (Figure 5A-C in the revision) were performed using untagged *cyk-4* transgenes that have the same re-encoded region as the mCherry tagged transgenes that we used to analyze localization. Wild-type CYK-4 expressed from the untagged transgene rescues the RNAi inhibition perfectly (100% embryonic viability; now included in new panel added as Figure 5---figure supplement 1C). This indicates that the low level of embryonic lethality (\~6%; now in Figure 5--- figure supplement 1D) observed when endogenous CYK-4 is depleted in the presence of the mCherry tagged *cyk-4* transgene is due to the presence of the mCherry tag.

> 6\) Worm trap microfluidic chip
>
> The shapes of the devices in Figure 3 and Figure 3---figure supplement 1 look different. The outline of the device should be illustrated in the supplement.

The worm trap schematics now in Figure 4 and Figure 4---figure supplement 1 have been adjusted, as suggested by the reviewer.

> 7\) Introduction, fourth paragraph
>
> Although Plk1-phosphorylation sites reside in the N-terminal half of human Cyk4/MgcRacGAP1, they are not at the N-terminus of Cyk4. They are in the linker between the coiled coil and the C1 domain.

We corrected this line to read:

"Consistent with a role in activating RhoA, a region in the N-terminus of human Cyk4, between the coiled-coil and C1 domains, has been shown to be phosphorylated by Plk1 to generate a binding site for the RhoA GEF Ect2 (Burkard et al., 2009; Wolfe et al., 2009)."

> 8\) \"During this transition, centralspindlin is released from microtubules and concentrates in the midbody ring (Elia, Sougrat, Spurlin, Hurley, and Lippincott-Schwartz, 2011; Green et al., 2013; Hu, Coughlin, and Mitchison, 2012)\".
>
> This is incorrect. GFP-MKLP1 appears as a disk at the midbodies (Elia 2011 and Hu 2012). The ring-like appearance of centralspindlin by immunofluorescence is known to be an artifact due to the poor accessibility of the antibodies into the central core of the midbody matrix. Although Hu 2012 described the IF image of MKLP1 as \"centralspindlin remained at the center and appeared as a single ring in some images\" (Hu 2012, Figure 1C), side by side comparison of GFP fusion and IF staining clearly demonstrated that GFP-MKLP1 filled the dark zone detected by IF (Hu 2012, Figure 2D). Furthermore, based on the super-resolution observation of GFP-MKLP1 by structured illumination, Elia 2011 explicitly describes it as \"disk-like distribution\". No single image of a clear ring-like midbody localization of centralspindlin is found in Green 2013. Finally, immuno-EM with an anti-MKLP1 antibody also supports the disk-like localization (Elad et al., (2010). Microtubule organization in the final stages of cytokinesis as revealed by cryo-electron tomography. J Cell Sci 124, 207-215). While it is possible to speculate that there might be a short time window in which centralspindlin is relocalized from a disk to a ring, no convincing data such as time-lapse super-resolution observation have been published.

Our view on this controversial issue is influenced by fluorescence microscopy data from our lab along with tomographic electron microscopy reconstructions of the intercellular bridge generated of high pressure frozen samples by the Mueller-Reichert group. The Mueller-Reichert group films embryos prior to abrupt freezing, allowing assessment of ultrastructure at precisely defined time points. Both of our groups found that microtubules are lost from the midbody about 300s prior to abscission (about 400s after furrow initiation). After this point, no microtubules are observed in the intercellular bridge by EM.

Despite the absence of microtubules, ZEN-4 strongly accumulates in the intercellular bridge over the 300s prior to abscission (400-700s post furrow initiation; please refer to Figure 1A from Konig et al., PMID 28325808, and Figure 3C from Green et al., PMID 24217623). In embryos in which assembly of the central spindle is prevented by depletion of the PRC1 homolog SPD-1, ZEN-4 is not present on midbody microtubules as the intercellular bridge forms. Yet, even in PRC1^SPD-1^ depleted embryos, ZEN-4 still accumulates at the intercellular bridge during the 300s interval prior to abscission. Thus, we are confident that centralspindlin can localize to the intercellular bridge in a microtubule-independent fashion during abscission, which we think may be analogous to its ability to target to the rachis surface/bridges in the germline.

To better describe the available data on this point, which as the reviewer correctly highlights do not depend on super-resolution data showing that ZEN-4 is re-localized from a disk to a ring, we have rewritten the text section in the Introduction as follows: "In *C. elegans* embryos, examination of the intercellular bridge by 3D electron tomography at specific timepoints following the onset of furrowing has revealed that midbody microtubules are lost \~300s prior to abscission (Konig et al., 2017). \[...\] These results suggest that ZEN4 can target to the intercellular bridge independently of midbody microtubules, which is reminiscent of work in cultured human cells describing localization of centralspindlin to a ring-like structure during the late stages of cytokinesis (Elia et al., 2011; Hu et al., 2012)."

\[Editors\' note: the author responses to the re-review follow.\]

> The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:
>
> There is one piece of data that both referees would like included, since this was a question that arose during the original reviews and has been raised again. This has to do with the how cyk-4 activates rho-1 and what role does ect-2 play in this, and seems like you already have this piece of data. My suggestion would be to include data that suggests that the mechanism is different from the Glotzer lab mechanism. You can then publish the exact mechanism in a later study.
>
> This is the point that requires some experimental data.
>
> 3\) How does CYK-4, which is a RhoGAP, contribute toward the activation of RHO-1? If the authors envision a mechanism analogous to what the Glotzer lab showed for cytokinesis, then defects resulting from loss of CYK-4 should be rescued by activating mutations in ECT-2 or depletion of RGA-3/4.\"
>
> In response to point 3, raised in the original manuscript, the authors provided in their reply to reviewers a detailed explanation for the mechanism they propose for RHO-1 activation by CYK-4, which, importantly, is distinct from the mechanism proposed by the Glotzer lab. The evidence for their proposed mechanism is \"In ongoing work from our group that will be the basis for another publication\". Importantly, they did not add to the manuscript any new data regarding this point. Only in the Discussion they added the following sentence: \"We suspect that the role of CYK-4 in generating active RhoA is mediated by the region between its coiled-coil and C1 domains that work in human cells has previously implicated in binding to the Ect2 GEF (Burkard et al., 2009; Wolfe et al., 2009).\"

First, we would like to point out that the reviewer's assertion that we "did not add to the manuscript any new data regarding this point" is not correct. In fact, we performed the exact experiment that the reviewers requested. Perhaps the reviewer/Editor missed it, as the new data was presented in the last panel of our last figure. However, in our revision, we tested whether the defects resulting from mutation of the CYK-4 GAP domain could be rescued by RGA-3/4 depletion and we included the results as a new panel in Figure 7C. The ability of the R459A Rho GTPase interface mutant to rescue the mutant phenotype hinges on whether it retains some ability to target to the cortex/membrane and promote RhoA activation that can be rendered sufficient by removal of the main negative regulators that suppress RhoA activation (RGA-3/4). Our analysis revealed that RGA-3/4 inhibition did not rescue the germline defects resulting from mutating the Rho GTPase binding interface of the GAP domain. This finding is consistent with our observation that the R459A mutant exhibits a severe localization defect in the germline (Figure 5D). As the R459A mutant has been reported to be suppressed by RGA-3/4 inhibition during cytokinesis (PMID:26252513), where ZEN-4 is essential, we speculate that the R459A CYK-4 mutant complexed with ZEN-4 may retain sufficient localization to provide partial function during cytokinesis.

In addition to the above experimentally-addressed issue, the broader questions that the reviewer is asking are: (1) how does our work in the germline relate to the prior work during cytokinesis by the Glotzer lab, and (2) how does CYK-4, which is a RhoGAP, contribute to RhoA activation.

It is important to begin this discussion by pointing out that while the work from the Glotzer lab (PMID: 26252513) showed that the Rho GTPase-binding interface of CYK-4's GAP domain contributes to RhoA activation during embryonic cytokinesis, it did not provide evidence for a particular mechanism. As background, there is evidence from multiple systems, including the *C. elegans* embryo, that CYK-4 contributes to RhoA activation during cytokinesis. Our manuscript adds to this by showing that CYK-4 also promotes RhoA activation in the germline. A major question in the field is how the CYK-4 GAP domain contributes to this role of CYK-4. Our data in the germline suggests that the CYK-4 GAP domain is required to localize CYK-4 to intercellular bridges. Thus, CYK4 with mutations in the Rho GTPase-binding interface of its GAP domain cannot activate RhoA in the germline because the protein does not localize. In the Glotzer paper, mutations in the Rho GTPase-binding interface of the GAP domain also exhibited phenotypes consistent with reduced RhoA activation during embryonic cytokinesis. In a schematic model they proposed a new idea for why mutations in the Rho GTPase-binding interface of the CYK-4 GAP domain compromise RhoA activation: they suggested that the CYK-4 GAP domain interacts with the GEF domain of ECT-2, in a RhoA-dependent fashion, to activate it (PMID: 26252513). However, it is important to note that there was no experimental evidence that the CYK-4 GAP domain activates the ECT-2 GEF and that their model is entirely speculative. In fact, in the paper they stated that "We assayed for activation of the ECT-2 GEF activity by the CYK-4 GAP domain in vitro. However, we have not yet been able to detect stimulation of GEF activity (data not shown)." Thus, there is no evidence that the GAP domain of CYK-4 directly activates the ECT-2 GEF.

To summarize, the Rho GTPase-binding interface of the CYK-4 GAP domain contributes to RhoA activation during cytokinesis (Glotzer paper) and in the germline (this manuscript). The Glotzer paper proposes a speculative mechanism for RhoA activation, involving CYK-4 GAP domain and ECT-2 GEF domain association. Our work suggests that the CYK-4 GAP domain is required for cortical targeting of CYK-4, which is in turn required for RhoA activation. The importance of the Rho GTPase-binding interface of the GAP domain in targeting CYK-4 in the germline that we describe explains the inability of mutants in this interface to activate RhoA. Thus, we believe our work provides an explanation for the requirement of the CYK-4 GAP domain for RhoA activation in the germline. Given that the model that GAP domain directly activates the ECT-2 GEF domain lacks any experimental support, we do not believe that it is possible to experimentally address this speculative model.

To clarify these points in the revision, we have added a new section to the Discussion:

"Our analysis revealed that GFP::RGA-3, which reads out a population of active RhoA, is lost on the rachis surface and bridges following CYK-4 depletion, suggesting that CYK-4 promotes RhoA activation in the germline. \[...\] Additional work will be needed to determine if the C1-GAP region of CYK-4 contributes to targeting CYK-4 to the cortex during cytokinesis as it does in the germline, or if it promotes RhoA activation via a distinct mechanism in this context."

> Other points that I would like you to consider and provide explanations and/or alter text accordingly.
>
> 1\) Possible role of CYK-4 in the establishment/maintenance of the channels that are narrow enough
>
> I appreciate that the authors examined the influence of the cyk-4 GAP mutant on the diameter of the rachis bridges (Figure 4---figure supplement 2). Their data indicate that the bridges are open more widely in the cyk-4 mutant. This raises a possibility that the failure of cellularization could be an indirect consequence of a failure in establishment or maintenance of the channels to be narrow enough for successful cellularization. For example, one can imagine a scenario that cellarization itself is achieved without CYK-4 but can\'t work if the opening is too wide.

To address this point we have revised the text describing this experiment to read as follows:

"We also analyzed the width of rachis bridges in the pachytene region after 5-6 hours at non-permissive temperature (Figure 4---figure supplement 2) and found that the width of the rachis bridges increased in both control and *cyk-4(or749ts)* worms after a 5.5 to 6-hour upshift to 25°C. \[...\] Although it is possible that the failure of oocyte cellularization in the upshifted mutants results from the fact that bridge width in the pachytene region is too large, we think this is unlikely, as rachis bridges in wild-type germlines are often observed to expand beyond a diameter of 4.5 µm as they are loaded with components in the turn region (Figure 1C)."

> 2\) Ring-like localization of centralspindlin in mammalian cells
>
> The point in the previous comment was that the ring-like localization of centralspindlin in mammalian cultured cells has not been established. The arguments in the rebuttal are completely out of focus. In Hu 2012, the ring-like pattern was shown only by IF but not by live GFP-MKLP1 imaging. In Elia 2011, which employed super-resolution microscopy, the localization of MKLP1 was explicitly described as \"disk-like\". Immuno-EM in Elad 2010, which has been neglected by the authors, confirmed uniform localization of MKLP1 epitopes across the midbody. In their rebuttal, the authors didn\'t argue against these points. Nonetheless, in the current manuscript they still describe \"These results suggest that ZEN-4 can target to the intercellular bridge independently of midbody microtubules, which is reminiscent of work in cultured human cells describing localization of centralspindlin to a ring-like structure during the late stages of cytokinesis (Elia et al., 2011; Hu et al., 2012).\" The clause, \"which is reminiscent...\" should be removed since this is imprecise and misleading.

We have removed the offending clause from the Introduction. This section now reads as follows:

"In *C. elegans* embryos, examination of the intercellular bridge by 3D electron tomography at specific timepoints following the onset of furrowing has revealed that midbody microtubules are lost \~300s prior to abscission (Konig et al., 2017). \[...\] These results suggest that centralspindlin can target to the intercellular bridge independently of midbody microtubules during abscission in *C. elegans*, perhaps consistent with the localization of centralspindlin to stable intercellular bridges that lack intervening midbodies in the syncytial germlines of different species (Carmena et al., 1998; Greenbaum et al., 2009; Greenbaum et al., 2007; Greenbaum et al., 2006; Haglund et al., 2010; Minestrini et al., 2002; Zhou et al., 2013)."

[^1]: Facultéde biologie et de médecine, Electron Microscopy Facility, University of Lausanne, Lausanne, Switzerland.

[^2]: Cell Biology Section, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, United States.

[^3]: These authors contributed equally to this work.
